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ABSTRACT 

Thin m e t a l l i c  l i n e r s  t h a t  provide l e a k - f r e e  s e r v i c e  i n  
c ryogenic  propuls ion  systems a r e  overwrapped w i t h  a g l a s s - f i b e r  
composite t h a t  provides  s t r e n g t h  and p r o t e c t i o n  from handl ing  
damage. The r e s u l t a n t  t ube  is l igh tweight ,  s t rong ,  and has a 
very  low thermal f lux .  The r e s u l t a n t  reduced b o i l o f f  of s t o r e d  
cryogenic  p r o p e l l a n t s  y i e l d s  a s u b s t a n t i a l  weight sav ings  on 
long-term miss ions  ( 7  days o r  g r e a t e r ) .  
ranging  from 1 / 2  t o  5 i n .  ( 1 . 2 7  t o  12.7  em) i n  diameter  were 
fabr ica tedoand t e s t e d  a t  ope ra t ing  temperatures  from +70 t o  -423'F 
(294 t o  20 K) and ope ra t ing  p res su res  up t o  3000 p s i  (2068 N/cmz). 

Twelve s t y l e s  of  tub ing  

Resu l t s  for most of t h e  12 concepts  were e x c e l l e n t .  

xi 



LOW THERMAL FLUX GLASS-FIBER TUBING 

FOR CRYOGENIC SERVICE 

By Charles A, Hall, Thomas J. Pharo, 
John M. P h i l l i p s  and John P. G i l l e  

Mart in  Mar i e t t a  Corporat ion 

SUMMARY 

This  i s  t h e  f i n a l  r e p o r t  of an  18-month program t h a t  was con- 
ducted under Contract  NAS3-12047. The o b j e c t i v e  of t h e  program 
was t o  develop l igh tweight ,  g l a s s - f i b e r  tub ing  and a t t e n d a n t  f i t -  
t i n g s  and seals f o r  use as cryogenic  plumbing on space veh ic l e s ,  
Three d i f f e r e n t  s i z e s  o f  tub ing  were s e l e c t e d  wi th  four  end or 
j o i n t  conf igu ra t ions  on each s i z e .  The tubes  were then  f a b r i c a t e d  
(12 specimens of each des ign)  and subjec ted  to  thermal,  b u r s t ,  and 
cyc le  t e s t i n g .  The thermal  p r o p e r t i e s  were compared wi th  e x i s t i n g  
tub ing  s tandards  t o  determine t h e  advantages of  t h e  g l a s s  tubing.  

The program cons i s t ed  of f i v e  b a s i c  tasks, namely: 

Task I - Design o f  T e s t  Specimens and Test 

Task I1 - F a b r i c a t i o n  of Test Specimens and 

Task I11 - Tes t ing ;  

T a s k  I V  - Analysis  of  Tes t  Resu l t s ;  

Task V - Reporting. 

Apparatus;  

Hardware ; 

During Task I, an  a n a l y s i s  program assessed  thermal ,  s t r u c t u r a l ,  
and f a b r i c a t i o n  parameters and formed t h e  b a s i s  f o r  t h e  tub ing  de- 
s ign .  Ult imately,  t h i n  metallic l i n e r s ,  0.003 t o  0.009 i n ,  t h i c k  
(0.0076 t o  0.0229 c m ) ,  were s e l e c t e d  as t h e  primary load-carrying 
member. 
i nc lud ing  a cryogenic  r e s i n  mat r ix ,  which s t rengthened  t h e  tube  and 
p ro tec t ed  t h e  tube  from handl ing o r  f l i g h t  dynamics damage. This  
tubing concept can s u b s t a n t i a l l y  reduce bo i l -o f f  and ven t ing  r equ i r e -  
ments, Concurrent w i t h  t h i s  a n a l y s i s  e f f o r t ,  a series of  pre l iminary  
tests were performed t o  a i d  i n  s e l e c t i n g  materials of  c o n s t r u c t i o n  

These l i n e r s  were overwrapped w i t h  a g l a s s - f i b e r  composite, 
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( t e n s i l e  tests) ,  end f i t t i n g  c o n f i g u r a t i o n s  (leakage tests), and 
methods of l i n e r  f a b r i c a t i o n  (welding tests). The 12 tubing con- 
f i g u r a t i o n s  were s e l e c t e d  (and approved by t h e  NASA-LeRC P r o j e c t  
Manager) and des ign  drawings were prepared and i s sued .  T e s t  f i x -  
t u r e  des igns ,  i n  accordance w i t h  t h e  t es t  p l an ,  were a l s o  completed 
du r ing  t h i s  t a s k ,  

During Task 11, t h e  tubes  w e r e  f a b r i c a t e d  and v e r i f i e d  ready 
f o r  tes t .  
c o n f i g u r a t i o n s  and 2 of t h e  12th.  Tube f a b r i c a t i o n  included l i n e r  
welding, j o i n i n g  of t h e  l i n e r s  t o  end f i t t i n g s ,  i n s t rumen ta t ion  
i n s t a l l a t i o n ,  overwrapping and curing,  and a series of in-process  
l e a k  checks. Much of t h e  me ta l  f a b r i c a t i o n  was subcontracted t o  
bellows manufacturers,  Test f i x t u r e s  were f a b r i c a t e d  concurrent  
w i t h  t h i s  e f f o r t .  

A t o t a l  o f  134 specimens w e r e  prepared, 1 2  each of 11 

During Task 111, t h e  tubes  w e r e  sub jec t ed  t o  a t es t  program 
t h a t  included b u r s t ,  cyc le ,  t o r s i o n ,  thermal,  and l eak  check 
t e s t i n g .  All tubes were e v e n t u a l l y  destroyed by b u r s t  o r  t o r s i o n  
tes ts .  

Task I V  c o n s i s t e d  of e v a l u a t i n g  t h e  r e s u l t s  of t h e  t es t  pro- 
gram compared t o  t h e  a n a l y s i s  program i n  Task I. 
of p repa r ing  r e p o r t s  i nc lud ing  monthly p rogres s  r e p o r t s ,  a tes t  
plan,  a design a n a l y s i s  r e p o r t ,  and t h e  f i n a l  r e p o r t .  

Task V c o n s i s t e d  

O f  t h e  12 o r i g i n a l  tube c o n f i g u r a t i o n s ,  10 performed ve ry  
s a t i s f a c t o r i l y .  
was abandoned due t o  a n  i n e f f i c i e n t  l i n e r - t o - f i t t i n g  weld, One of 
t h e s e  c o n f i g u r a t i o n s  was redesigned t o  use a new s o l i d - s t a t e  bonding 
concept and t h e  o t h e r  c o n f i g u r a t i o n  was cance l l ed .  The r e s u l t s  of 
t h e  program c l e a r l y  v e r i f y  t h e  advantages i n  us ing  g l a s s  f i b e r  com- 
p o s i t e  l i n e s  i n  cryogenic  p r o p e l l a n t  s e r v i c e .  
i nc lude  low thermal f l u x ,  l i gh twe igh t  c o n s t r u c t i o n ,  low h e a t  soak 
back from engines ,  r ap id  chil ldown, and s t r e n g t h  and handling ease. 

One des ign  concept a f f e c t i n g  2 tube c o n f i g u r a t i o n s  

Some of t he  advantages 

Add i t iona l  work is needed t o  v e r i f y  v i b r a t i o n  acceptance,  ex- 
tend t h e  diameters  t o  those used i n  l a r g e  p ropu l s ion  systems, improve 
chi l ldown t i m e ,  and e l i m i n a t e  t h e  leakage problems i n  some designs.  

INTRODUCTION 

Background 

I n  t h e  con t inu ing  development of optimum performance cryogenic  
p ropu l s ion  systems, t h e r e  i s  c o n s i d e r a b l e  i n t e r e s t  i n  t h e  r e d u c t i o n  
o f  system hea t  f l ux .  Thermal op t imiza t ion  on t h e  p r o p e l l a n t  tanks 
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and suppor t  s t r u c t u r e s  i s  progress ing  r a p i d l y ,  bu t  work on t h e  pro- 
p e l l a n t  feed,  ven t ,  and p r e s s u r i z a t i o n  l i n e s  has  been v i r t u a l l y  
nonexis ten t .  Considering t h e  h igh  h e a t  l eak  through convent iona l  
tub ing  systems, i t  is e s s e n t i a l  t h a t  t echniques  be  developed t o  
produce l i n e s  us ing  a low h e a t  leak material or composite materials. 

Mart in  Marietta Corporat ion proposed t o  ana lyze ,  des ign ,  fab-  
r icate ,  and tes t  a series o f  composite propuls ion  l i n e s  designed 
t o  l i m i t  t h e  h e a t  t r a n s f e r  through t h i s  p o r t i o n  of  t h e  propuls ion  
system, The composite l i n e s  incorpora ted  a t h i n  metal l i n e r  t o  
minimize leakage and provide c o m p a t i b i l i t y  w i th  cryogenic  p r o p e l l a n t s  
such as l i q u i d  f l u o r i n e .  The t h i n  metal l i n e s  were overwrapped 
wi th  a g l a s s - f i b e r  material us ing  a s u i t a b l e  mat r ix .  
g l a s s - f i b e r  overwrap i s  a very  good thermal  i n s u l a t o r  and t h e  t h i n  
metal l i n e r  has  a very  small c r o s s - s e c t i o n a l  area, t h e  h e a t  con- 
d u c t i v i t y  was reduced cons iderably ,  

Because t h e  

For a plumbing l i n e  on a space v e h i c l e  t h a t  c o n t r i b u t e s  a 
t o t a l  h e a t  f l u x  of 1 BTU/hr ( ,293 Watt), t h e  consumption of LH2 
f o r  t h i s  h e a t  f l u x  a lone  i s  c a l c u l a t e d  t o  be approximately 225 
l b  (102 kg) f o r  a f ive-year  per iod ,  Addi t iona l  weight p e n a l t i e s  
are involved because t h e  p r o p e l l a n t  tank and i n s u l a t i o n  must be 

increased  by 50 cu f t  (1 ,41 m ) t o  accomodate t h e  e x t r a  225 l b  
(102 kg) of p r o p e l l a n t ,  
approximately 500 l b  (227 kg) f o r  t h e  same h e a t  f l u x ,  I f  t h i n  
meta l - l ined  tubes  can be developed t h a t  w i l l  no t  s u b s t a n t i a l l y  
reduce miss ion  r e l i a b i l i t y  and w i l l ,  a t  t h e  same time, reduce t h e  
l e v e l  of hea t  conduction, a l a r g e  p a y h a d  sav ings  w i l l  r e s u l t .  

3 

The b o i l o f f  of l i q u i d  oxygen w i l l  be 

I n  a g r e a t  ma jo r i ty  of propuls ion  systems, t h e  f l u i d  l i n e  
wall th i ckness  is determined by handl ing and m a i n t a i n a b i l i t y ,  
not  stresses, Ca lcu la t ions  show t h a t  an  Inconel  718 or s t a i n l e s s  
s t ee l  l i n e  wi th  0,001 i n ,  (0,0025 cm) wall th i ckness  would c a r r y  
a l l  i n t e r n a l  pressure loads f o r  many propuls ion  feed l i n e s  and 
tank  v e n t s ,  
l i n e r  wall th i ckness  near 0 ,001  i n ,  (0,0025 cm) and t h e  handl ing/  
maintenance requirements  can be supported w i t h . a  material having 
a low thermal  conduc t iv i ty ,  t h e  hea t  f l u x  w i l l  be reduced and t h e  
tub ing  w i l l  be l i g h t e r ,  The fol lowing problems must be solved 
be fo re  t h e  a p p l i c a t i o n  of  low thermal conduct ive tub ing  t o  a space 
veh ic  l e  : 

When composite tub ing  can be f a b r i c a t e d  wi th  metal 

1) Selection of l iner  material; 
2 )  S e l e c t i o n  of l i n e r  t h i ckness ;  

3) S e l e c t i o n  of f a b r i c a t i o n  techniques;  

4 )  

5) 
6) Design f o r  proper cyc le  l i f e  and b u r s t  p re s su res ;  and 

Determination of co r ros ion  f a c t o r s  f o r  FLOX and LFz; 

S e l e c t i o n  of  t h e  overwrap th i ckness  and conf igu ra t ion ;  
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7) Cons ide ra t ion  of mis s ion  r e l i a b i l i t y  when confronted 
w i t h  a l i n e r  f a i l u r e .  

The o b j e c t i v e  o f  t h e  program was t o  addres s  t h e s e  problems by 
developing l ightweight ,  g l a s s - f i b e r  tubing and a t t e n d a n t  f i t t i n g s  
and s e a l s  f o r  u s e  as cryogenic  plumbing on upper-s tage space 
v e h i c l e s .  Three d i f f e r e n t  s i z e s  of t ub ing  were s e l e c t e d  w i t h  fou r  
end o r  j o i n t  c o n f i g u r a t i o n s  on each s i z e .  The tubes were then  fab- 
r i c a t e d  (12  specimens of each design)  and sub jec t ed  t o  thermal, 
bu r s t ,  and c y c l e  t e s t i n g .  The thermal  p r o p e r t i e s  were compared wi th  
e x i s t i n g  tubing s t anda rds  t o  determine t h e  advantages of t h e  g l a s s  
tubing.  

Approach 

S p e c i f i c  items t h a t  were performed t o  accomplish t h e  program 
o b j e c t i v e s  included: 

1) S e l e c t i n g  a set of boundaries f o r  a n a l y s i s  by t h e  com- 
pu te r  program; 

2) Modifying an e x i s t i n g  Mart in  Marietta a n a l y t i c a l  model 
t o  i n c o r p o r a t e  t h e  a n a l y s i s  of g l a s s - f i b e r ,  me ta l - l i ned  
tubes ;  

3) Using t h e  a n a l y t i c a l  model t o  assist i n  t h e  design of 
t h e  metal  l i n e d  tubes inc lud ing  t h e  s e l e c t i o n  of an 
optimum l o c a t i o n  f o r  the tubes,  s e l e c t i o n  of thermal  
b a r r i e r s  and e f f e c t s  of v a r i o u s  temperatures a t  each 
end of t h e  tube;  

s i g n s  dnd t h r e e  s i z e s :  1/2-. 2-, and 5-in.  (1.27, 5.08, 
and 12.7 cm) diameter ;  

Preparing t h e  program test  p l an  d e f i n i n g  i n  d e t a i l  t h e  
t e s t i n g  t o  b e  conducted; 

thermal, b u r s t ,  t o r s i o n a l ,  and c y c l i c  t e s t i n g  on t h e  
t es t  a r t i c l e s  ; 

a r t i c l e s  and t h e  tes t  f i x t u r i n g ;  

Sub jec t ing  13 i n i t i a l  test a r t ic les  t o  b u r s t  t e s t i n g  
and 1 i n i t i a l  t es t  a r t i c l e  t o  c y c l e  t e s t i n g  and 
analyzing t h e  d a t a ;  

Inco rpora t ing  design and f a b r i c a t i o n  changes r e s u l t i n g  
from the i n i t i a l  b u r s t  and c y c l e  tes ts  and f a b r i c a t i n g  
t h e  remaining a r t i c l e s ;  

4 )  Designing the test  a r t i c l e s  u s ing  several j o i n t  de- 

5) 

6 )  Designing t h e  t es t  f i x t u r i n g  s u f f i c i e n t  t o  perform 

7) A f t e r  des ign  approval,  f a b r i c a t i n g  p a r t  of t h e  test  

8) 

9) 
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10) 

11) 

12) 

13) 

14) 

Subjecting 55 additional test articles to burst 
testing ; 

Subjecting a coupon from each size tube to thermal 
conduction testing; 

Subjecting 5 articles to thermal heat flux testing; 

Subjecting 65 articles to temperature/pressure cycle 
testing followed by burst or torsional testing; 

Correlating the experimental and analytical data to 
show the capability of the analytical model to pre- 
dict the tubing performance; and, 
Reporting future modifications or changes that would 
be incorporated into flight-qualified tubing. 

15) 

The specific assignments in this program were divided into 
five tasks in accordance with the contract. Task I included the 
thermal, structural and fabrication analyses and the design of 
test specimens and test apparatus. 
and the test fixture were fabricated, The test articles were 
subjected to thermal, burst, torsional, and cycle testing during 
Task 111, followed by the analysis of the resuLts and verifica- 
tion of the model (Task IV). 

In task 11, the test articles 

Task V included all reporting. 

Task I - Design of Test Specimens and Test Apparatus 

The effort in Task I consisted of performing thermal, structural, 
and fabrication analyses, and reporting the results of these, followed 
by design of the test items and test fixtures. 

Thermal analysis. - A design analysis was performed to define 
thermal design characteristics for glass-fiber composite plumbing 
lines of cryogenic propellant tankage. Mission durations of up to 
five years in space were considered, and propellants for consider- 
ation were liquid hydrogen, liquid fluorine, liquid oxygen, liquid 
methane, and liquid FLOX. The plumbing lines included engine feed- 
lines and tank pressurization lines. Items considered in the analysis 

Optimum placement of glass-fiber tube in the plumbing 
system (i.e., on warm end, on cold end, or total length 
of line) based on a nondimensionalized analysis of a 
simplified propellant plumbing system; 
Leakage of joints and liner, 

a) Safety and/or mission reliability, 
b) 
Effect of internal radiation within the line (need far 
internal radiation barriers and definition of wall emittance); 

Maximum allowable liquid leak rate (payload penalty); 
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4 )  E f f e c t s  of  and thermal  l i m i t i n g  v a l u e s  (as  compared t o  
s t a i n l e s s  s t ee l  l i n e s )  f o r  w a l l  t h i c k n e s s  and l i n e r  
t h i c k n e s s  as a f u n c t i o n  of  thermal c o n d u c t i v i t y  o f  
material, l i n e  s i z e ,  o p e r a t i n g  p r e s s u r e ,  and miss ion  
d u r a t i o n ;  

on t h e  o u t s i d e  of  t h e  l i n e ;  

leakage i n t o  a n  evacuated l i n e  or r e s i d u a l  f l u i d ) ;  and, 

E f f e c t  o f  v a r i a b l e  w a r m  end temperatures  up t o  520°R 
(238 K ) ,  and co ld  end temperatures  corresponding t o  
p r o p e l l a n t  temperatures .  

5 )  E f f e c t  of  m u l t i l a y e r  i n s u l a t i o n  o r  thermal  c o a t i n g s  

6 )  E f f e c t s  of  gas  o r  l i q u i d  w i t h i n  t h e  l i n e  (due t o  v a l v e  

7 )  0 

Thermal comparisons t o  s t a i n l e s s  s t ee l  plumbing were made 
f o r  each of  t h e  above items, Design parameters  f o r  t h e  g l a s s -  
f i b e r  composite l i n e s  were e s t a b l i s h e d  based on t h e  g o a l  o f  
s i g n i f i c a n t  r e d u c t i o n  i n  h e a t  leak over t h a t  o f  s t a i n l e s s  s tee l  
l i n e s .  

S t r u c t u r a l  a n a l y s i s .  - S t r u c t u r a l  a n a l y s i s  was performed 
t o  determine the f e a s i b i l i t y  of s p e c i f i c  materials f o r  the 
s t r u c t u r a l  l i n e r  and t h e  composite overwrap. Seve ra l  parameters 
were considered a p p r o p r i a t e  t o  t h e  i d e n t i f i e d  program f o r  long- 
term space v e h i c l e s  and each was used as a c r i t e r i o n ,  

S p e c i f i c  c o n s i d e r a t i o n s  du r ing  t h i s  a n a l y s i s  included t h e  
l i n e r  t h i c k n e s s ,  t h e  maximum a l lowab le  l i n e r  stress, t h e  bonding 
of t h e  g l a s s - f i b e r  overwrap, t h e  e f f e c t  o f  gaps between t h e  l i n e r  
and t h e  overwrap a t  a v a r i e t y  of  cryogenic temperatures  inc lud ing  
a n t i c i p a t e d  d i f f e r e n t i a l  temperatures  between t h e  l i n e r  and t h e  
overwrap, helium permeation, leakage, buckl ing,  t o r s i o n ,  material 
c o m p a t i b i l i t y  and c o r r o s i o n ,  and f i t t i n g  e v a l u a t i o n s .  

Before making f i n a l  j o i n t  s e l e c t i o n s ,  p re l imina ry  t e s t i n g  
w a s  accomplished t o  determine leakage c h a r a c t e r i s t i c s  of  t h e  
j o i n t s  when sub jec t ed  t o  p r e s s u r e  and temperature  c y c l i n g .  Re-  
torque requirements ,  both magnitude and frequency, were determined 
i n  t h i s  t es t  program. 

F a b r i c a t i o n  a n a l y s i s ,  - The welding o r  j o i n i n g  p rocesses  t h a t  
were eva lua ted  included f u s i o n  welding, r e s i s t a n c e  welding, s o l i d -  
s t a t e  bonding,:: and seamless tubes.  
o r  hardening process  may be necessary,  and these p rocesses  were 
b r i e f l y  eva lua ted ,  A f t e r  f a b r i c a t i o n  of  t h e  t h i n  l i n e r ,  i t  was 
jo ined  t o  a n  end f i t t i n g  i n  one of t h r e e  g e n e r a l  methods --- 

After welding, some h e a t - t r e a t  

9: S o l i d - s t a t e  bonding, a s  used i n  t h i s  r e p o r t ,  r e f e r s  t o  a n  
exp los ive  welding process .  
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r e s i s t a n c e  welding, fu s ion  welding or s o l i d - s t a t e  bonding. Each 
of  t h e s e  processes  were eva lua ted .  I n  gene ra l ,  f o r  good penet ra -  
t i o n ,  t h e  t h i c k e r  p o r t i o n  of the weld j o i n t  should be no more 
than  t h r e e  times t h e  th icknkss  of  t h e  t h i n  member. 
i f  t h e  l i n e r  wall t h i ckness  is  0,002 i n ,  (0.005 c m )  t h e  a t t a c h i n g  
p o r t i o n  o f  t h e  end f i t t i n g  should not  exceed 0,006 i n .  (0,015 c m ) .  

For example, 

The f u s i o n  weld concept ,  wi th  t h e  weld a t  t h e  end of  t h e  
assembly, a p p l i e s  t o  f lange- type  end f i t t i n g s .  This  method of 
a t tachment  can be cleaned e a s i l y  and e l i m i n a t e s  contaminant t rap 
areas from t h e  assembly. 

The r e s i s t a n c e  welding concept i s  of  p a r t i c u l a r  i n t e r e s t  when 
hea t - t rea tment  a f t e r  welding i s  undes i rab le  or when d i s s i m i l a r  metals 
are used f o r  l i n e r  and end f i t t i n g .  The major disadvantage of  t h i s  
concept i s  t h a t  a p o t e n t i a l  c leaning  problem and contaminant trap 
could e x i s t  a t  t h e  l i n e r  end of t h e  f i t t i n g ,  

The s o l i d - s t a t e  bonding process  i s  p a r t i c u l a r l y  u s e f u l  i n  
j o i n i n g  d i s s i m i l a r  metals such as CRES or Inconel  l i n e r s  t o  l i g h t  
weight  aluminum f i t t i n g s ,  

The des ign  a n a l y s i s  of t h e  g l a s s - f i b e r  overwrap f o r  t h e  tubing 
i n  t h i s  s tudy  ind ica t ed  t h a t  i t  should have s u f f i c i e n t  s t r e n g t h  and 
s t i f f n e s s  t o  c a r r y  a sha re  of t h e  i n t e r n a l  p re s su re  loads dur ing  
ope ra t ion  (mqinly hoop loads ) ,  res is t  e x t e r n a l  handl ing loads ,  and 
e x h i b i t  t h e  lowest poss ib l e  thermal  conduc t iv i ty  i n  t h e  ax ia l  d i -  
rec t ion ,  

R e s u l t s  of t h i s  des ign  a n a l y s i s  were presented t o  the  NASA-LeRC 
P r o j e c t  Manager f o r  approval  be fo re  i n i t i a t i o n  of  t h e  fol lowing de- 
s i g n  e f f o r t ,  

Design of t h e  t e s t  specimens, - Three d i f f e r e n t  g l a s s - f i b e r  
composite tubes were designed f o r  a f ive-year  d u r a t i o n  mission 
employing l i q u i d  hydrogen, i n  accordance w i t h  c r i t e r i a  developed 
i n  t h e  a n a l y s i s  and t h e  des ign  s izes  and p res su res  s p e c i f i e d  i n  
t h e  c o n t r a c t ,  

Design of  the t e s t  f i x t u r e s .  - T e s t  f i x t u r e s  were designed 
f o r  b u r s t ,  cyc le ,  t o r s i o n ,  thermal ,  and leak check t e s t i n g  of t h e  
tubes  and j o i n t s .  The t e s t  appara tus  i s  capable  of handl ing o i l  
or water, l i q u i d  n i t rogen ,  and l i q u i d  hydrogen f o r  p r e s s u r i z a t i o n  
and co ld  helium f o r  leak  checking. 

Designs of  t h e  tubes ,  j o i n t s ,  and tes t  appara tus  were submit ted 
t o  t h e  NASA-LeRC P r o j e c t  Manager f o r  review and approval  a t  comple- 
t i o n  of t h e  Task I e f f o r t ,  
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Task 11 - F a b r i c a t i o n  of T e s t  Specimens and Hardware 

During Task 11, t h e  tubes  were f a b r i c a t e d  and v e r i f i e d  ready 
f o r  tes t .  
c o n f i g u r a t i o n s  and 2 of t h e  1 2 t h e  Tube f a b r i c a t i o n  included l i n e r  
welding, j o i n i n g  of t h e  l i n e r s  t o  end f i t t i n g s ,  i n s t rumen ta t ion  
i n s t a l l a t i o n ,  overwrapping and curing,  and a series of in-process  
l eak  checks,  Much of t h e  metal  f a b r i c a t i o n  was subcontracted t o  
h i g h l y  experienced bellows manufacturers .  The tes t  f i x t u r e s  were 
f a b r i c a t e d  concurrent  w i t h  t h i s  e f f o r t .  

A t o t a l  of 134 specimens were prepared, 12  each of 11 

Task I11 - T e s t i n g  

Burst ,  cycle ,  t o r s i o n ,  and thermal t e s t i n g  was conducted a s  
desc r ibed  below. 

Burst  test .  - Two specimens of each tube  and j o i n t  combina- 
t i o n  were p r e s s u r i z e d  t o  f a i l u r e  a t  70, -320 and -423'F (294, 78, 
and 2OoK). 

Cyc l i c  tests. - Two specimens of each t u b e  and j o i n t  combina- 
t i o n  were p r e s s u r e  and temperature  cycled.  
p r e s s u r e  and temperature,  the i t e m s  were cooled t o  tes t  temperature,  
p r e s s u r i z e d  t o  des ign  o p e r a t i n g  pressure,  depressurized,  and warmed 
up t o  ambient temperature.  Th i s  process  was r epea ted  f o r  200 c y c l e s ,  
The c y c l i c  tests were conducted a t  70, -320 and -423'F (294, 78, and 
2OoK). A f t e r  each t e n  cyc le s ,  t h e  helium l e a k  r a t e  of each tube  and 
j o i n t  combination was determined a t  t e s t  temperature.  Following t h e  
c y c l i c  test  each specimen w a s  he ld  a t  maximum ope ra t ing  p r e s s u r e  f o r  
a 24 hr period and the l eak  r a t e  measurements repeated.  
checks were completed, each specimen was p r e s s u r i z e d  t o  b u r s t  o r  
f a i l e d  i n  t o r s i o n .  

S t a r t i n g  a t  ambient 

A f t e r  l eak  

Torsion test .  - R e p r e s e n t a t i v e  specimens of each mechanical ly  
j o i n e d  t u b e  were sub jec t ed  t o  a t o r s i o n a l  test t o  v e r i f y  adequate  
r e s i s t a n c e  t o  expected assembly o r  i n s t a l l a t i o n  loads.  

Thermal tests. - The i n d i v i d u a l  components of h e a t  f l u x  t r a n s -  
m i t t e d  between t h e  w a r m  end and t h e  c o l d  end f o r  each t u b e - j o i n t  
composite s t y l e  w a s  determined. Temperature p r o f i l e  a long t h e  tube  
l e n g t h  was a l s o  measured. I n  a d d i t i o n ,  thermal c o n d u c t i v i t y  of t h e  
g l a s s - f i b e r  compos i t e / l i ne r  combination w a s  i n d i v i d u a l l y  determined 
(e.g., s e c t i o n s  of t h e  tube  were sub jec t ed  t o  thermal c o n d u c t i v i t y  
t e s t i n g )  a 

I n  a d d i t i o n  t o  t h e  primary test  program, a s  noted above, a 
series of p re l imina ry  tests were accomplished. This  t e s t i n g  in-  
c luded m a t e r i a l  t e n s i l e  t e s t i n g ,  f i t t i n g  eva lua t ion  t e s t i n g ,  helium 
permeation t e s t i n g  and gap v e r i f i c a t i o n  t e s t i n g .  
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Task IV - Analys is  of T e s t  R e s u l t s  

Data obta ined  dur ing  t e s t i n g  were analyzed t o  determine t h e  
e f f e c t i v e n e s s  of  t h e  g l a s s - f i b e r  txb ing  i n  cryogenic  s e r v i c e .  
S t r u c t u r a l  i n t e g r i t y  and thermal  q L a l i t y  were eva lua ted  and com- 
pared t o  t h e  p red ic t ed  performance. 
improvements based on t h e  above comparison were e s t a b l i s h e d ,  
des ign  c r i t e r i a  e s t a b l i s h e d  i n  t h e  i n i t i a l  des ign  phase were up- 
da ted  as i n d i c a t e d  by t h e  d a t a  a n a l y s i s .  During d a t a  a n a l y s i s  
a l l  of t h e  i d e n t i f i a b l e  sources  of e r r o r  were accounted f o r ,  
thereby  r e s u l t i n g  i n  accep tab ly  smal l  i naccurac i e s  of t h e  t e s t  
r e s u l t s .  

Recommendations f o r  des ign  
The 

The fol lowing chap te r s  of  t h i s  r e p o r t  a r e  an account of 
t h e  program. 
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TASK I - DESIGN OF TEST SPECIMENS AND TEST FIXTURES 

The purpose o f  t h i s  phase of  t h e  program was t o  prepare  t h e  
des ign  f o r  test  specimens and test  appara tus  f o r  use  i n  e v a l u a t i n g  
t h e  f e a s i b i l i t y  o f  u s ing  low thermal  f l u x  g l a s s  tub ing  f o r  extended 
per iods,  The c o n t r a c t u r a l  requirements p e r t a i n i n g  t o  t h e  tube  de- 
s i g n  a r e  l i s t e d  i n  t h e  fo l lowing  paragraphs,  e x t r a c t e d  d i r e c t l y  
from t h e  c o n t r a c t ,  Exh ib i t  A ,  Scope of Work, f o r  t h e  sake  of  c l a r i t y ,  

"The Con t rac to r  s h a l l  des ign  t h r e e  d i f f e r e n t  g l a s s - f i b e r  
composite tubes  f o r  a f i v e  year  d u r a t i o n  mission employ- 
ing  l i q u i d  hydrogen, des ign  s i z e s  and p res su res  below, 

DIAMETER OPERATING PRESSURE 

5" I . D .  200 p s i  
2" 1 , D .  200 p s i  
1/2" I. D e  3000 p s i  

"In a d d i t i o n ,  f o r  each of t h e  above tubes ,  t h e  Con t rac to r  
s h a l l  des ign  two methods of j o i n i n g  t h e  ends of  t h e  tube  
t o  ano the r  f i b e r - g l a s s  s e c t i o n  and two methods of  j o i n i n g  
t h e  ends of t h e  tube  t o  a metal  tube  sec t ion .  Semi-perma- 
nent  methods ( j o i n t  could be phys ica l ly  ground o r  c u t  
away a l lowing  a new s e c t i o n  t o  be patched i n )  may be con- 
s i d e r e d ,  but a t  l e a s t  one completely d isconnec tab le  j o i n t  
(bo l ted  f l a n g e ,  mechanical f a s t e n e r ,  o r  clamp) s h a l l  be  
designed , 

"The Con t rac to r  s h a l l  a l s o  des ign  a t e s t  appara tus  f o r  
p r e s s u r i z i n g ,  thermal  t e s t i n g ,  and l e a k  checking t h e  
tubes  and j o i n t s  a s  s p e c i f i e d  i n  Task I11 below. The 
tes t  appara tus  s h a l l  be capable  of  handl ing o i l  o r  water ,  
l i q u i d  n i t r o g e n ,  and l i q u i d  hydrogen f o r  p r e s s u r i z a t i o n  
and co ld  helium o r  l i q u i d  hydrogen f o r  l eak  checking. 
The des ign  s h a l l  i nc lude  t h e  t es t  hardware ( eogo ,  tempo- 
r a r y  vacuum chamber and plumbing) and t e s t  specimen 
conf igura t ion,  

"At  t h e  conclus ion  of  t h e  des ign  t a s k  t h e  des igns  o f  t h e  
tubes ,  j o i n t s ,  and test  appara tus  s h a l l  be submit ted t o  
t h e  NASA-LeRC P r o j e c t  Manager f o r  review and approval." 

The f i r s t  e f f o r t  involved i n  Task I was a des ign  a n a l y s i s  t o  
determine t h e  c r i t e r i a  by which t h e  test  specimens would be designed. 

10 



A f t e r  t h e  a n a l y s i s  was completed,  test  specimen c?esign was accomplished 
us ing  t h e  informat ion  gained,  and test f i x t u r e s  were designed t o  pe r -  
form e v a l u a t i o n  tests of t h e  specimens. 

Th i s  r e p o r t  s e c t i o n  d e s c r i b e s  i n  d e t a i l  t h e  thermal ,  s t r u c t u r a l ,  
and f a b r i c a t i o n  ana lyses  performed and t h e  r e s u l t i n g  des igns .  

Therma 1 Ana l y s  is 

Method of  ana lys i s . -  To e v a l u a t e  thermal  b e n e f i t s  t o  be  gained 
by use  of  g l a s s - f i b e r  overwrapped tub ing ,  a paramet r ic  a n a l y s i s  was 
conducted. The a n a l y s i s  was accomplished by mathematical ly  simu- 
l a t i n g  tube  s e c t i o n s  of va r ious  s i z e ,  c o n s t r u c t i o n ,  m a t e r i a l ,  and 
thermal  boundary cond i t ions  t o  p r e d i c t  hea t  t r a n s f e r  r a t e s  due t o  
t h e  tubes  . 

A d i g i t a l  computer program was used t o  accomplish t h i s  a n a l y s i s .  
The program uses  a convent iona l  f i n i t e  d i f f e r e n c e  approach t o  t h e  
s o l u t i o n  o f  a thermal  network r ep resen t ing  t h e  va r ious  hea t  t r a n s -  
f e r  paths .  I n  a d d i t i o n ,  l o g i c  has been incorpora ted  t o  set  up t h e  
thermal  network f o r  t h e  tube  c o n f i g u r a t i o n  from b a s i c  s p e c i f i c a t i o n s ,  
and t o  c a l c u l a t e  b l ack  and g rey  body view f a c t o r s  f o r  i n t e r n a l  r a -  
d i a n t  hea t  t r a n s f e r .  I n t e r n a l  tube s u r f a c e s  were assumed t o  r e f l e c t  
d i f f u s e l y .  

The thermal  network c o n s i s t s  of  a number of nodes r ep resen t ing  
t h e  ends and equa l  l eng th  segments of t h e  tube. Adjgcent nodes 
a r e  connected by conductors  r ep resen t ing  t h e  s o l i d  m a t e r i a l s ;  in-  
c lud ing  a metal  l i n e r ,  one o r  t w o  g l a s s  overwrap l a y e r s  and t h e  
conta ined  gas. 
r a d i a t i v e  conductors.  
included and t h e  o t h e r s  omitted.  Heat f l u x e s  through a l l  conductors  
depend no t  on ly  on t h e  temperature  g r a d i e n t ,  bu t  a l s o  on t h e  abso’kute 
end p o i n t  conductor  temperatures .  Thermal c o n d u c t i v i t y  vs tempera- 
t u r e  da t a  f o r  a l l  t h e  m a t e r i a l s  considered were incorpora ted  i n  t h e  
program a s  polynomial curve  f i t  func t ions .  

Each node i s  connected t o  every  o t h e r  node by 
Any combination of t h e s e  conductors  can  be 

P rov i s ion  is included f o r  t h e  a d d i t i o n  of a f ixed  hea t  i npu t  
t o  each  node t o  s imula t e  hea t  f l u x  through t h e  i n s u l a t i o n ,  This  
hea t  f l u x  i s  reduced n e a r  t h e  hot  end o f  t h e  p ipe  i f  the tempega- 
t u r e  d i f f e r e n c e  a c r o s s  t h e  p ipe  i n s u l a t i o n  becomes less than  5 R 
(2.78OK)- The i n s u l a t i o n  hea t  f l u x  pe r  square  f o o t  of  t ube  w a l l  
i s  a n  inpu t  parameter ,  and can  be e l imina ted  i f  des i r ed ,  
o f  t h e  i n t e r n a l  p ipe  s u r f a c e  i s  also an i n p u t  parameter ,  and i n -  
t e r n a l  r a d i a t i o n  can  be e l imina ted  a s  an  op t ion ,  

Emiss iv i ty  

S a t i s f a c t o r y  convergence of t h e  thermal  network i s  assumed 
when no node temperature  changes by more t h a n  0.005OR (0.00278°K); 
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and when s imul taneous ly ,  the net e x t e r n a l  hea t  t r a n s f e r  t o  o r  from 
t h e  network i s  less than  0.1% of t h e  t o t a l  of  h e a t  f l u x  i n t o  and 
out  o f  t h e  network a t  t he  hot  and cold ends,  A survey was made t o  
determine a nodal  breakdown of  t h e  p ipe  r equ i r ed  t o  a s s u r e  s a t i s f a c t o r y  
r e s u l t s .  It was found t h a t  d i v i s i o n  of  t h e  p i p e  l e n g t h  i n t o  10, 15, 
o r  20 equal - length  segments, depending on t h e  r a t i o  of d iameter  t o  
l eng th ,  r e s u l t e d  i n  a computat ional  inaccuracy of  less t han  5%, 

The fol lowing parameters must be s p e c i f i e d  a s  i npu t  t o  t h e  
program f o r  each tube  s imula t ion :  

I) Tube i n s i d e  d iameter ;  

2)  Tube length ;  

3) Line r  m a t e r i a l  and th i ckness ;  

4 )  Overwrap m a t e r i a l  and th i ckness ;  

5 )  
6 )  Sidewal l  hea t  f l u x  due t o  i n s u l a t i o n ;  

7)  Contained gas  ( i f  any);  and 

8) End temperatures.  

Emiss iv i ty  of i n t e r n a l  tube  s u r f a c e ;  

Output from t h e  program inc ludes  a d e s c r i p t i o n  o f  t h e  tube  i n  
accordance wi th  t h e  input  d a t a ,  hea t  f l u x  t o  t h e  co ld  end and 
o t h e r  e x t e r n a l  hea t  f l uxes ,  temperature  o f  each  node, and h e a t  
t r a n s f e r  i n  each conductor .  

- To a s s e s s  t h e  o v e r a l l  thermal  performance o f  t h e  
g l a s s - f i b e r  overwrapped tube ,  and t o  determine t h e  s i g n i f i c a n c e  
of  t h e  va r ious  parameters ,  more than  450 s e p a r a t e  tube  conf igura-  
t i o n s  were eva lua ted .  For each of  t h e  tube  d iameters ,  0.5,  2.0, 
and 5.0 i n .  (1,27, 5.08, and 12.7 c m )  b a s e l i n e  conf igu ra t ions  were 
e s t a b l i s h e d .  The e f f e c t s  of s p e c i f i c  parameters were determined 
by v a r i a t i o n  of only  t h e  parameter of i n t e r e s t ,  and f r e q u e n t l y  
tube  length ,  w i t h  o t h e r s  remaining a t  t h e  same va lues  as t h e  
b a s e l i n e  case, The fo l lowing  parameters ,  i n  a d d i t i o n  t o  tube  
d iameter ,  d e f i n e  the b a s e l i n e  conf igu ra t ions :  

1) Liner  m a t e r i a l  - S t a i n l b s s  s t ee l ;  

2)  Liner  w a l l  t h i ckness  - 0,002 in .  (0.00508 c m ) ;  

3)  

4 )  Overwrap th i ckness  - 0,030 in. (0.076 c m ) ;  

Overwrap m a t e r i a l  - Circumfe ren t i a l ly  wrapped S-g lass  
epoxy; 

5 )  Emiss iv i ty  of  l iner  i n s i d e  s u r f a c e  - 0.6 ( d i f f u s e ) ;  

6 )  I n s u l a t i o n  hea t  f lux - 0.1 BTU/hr f t  (0,315 w / m  1; 2 2 

7) Tube con ten t s  - Vacuum; 
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8) 

9) 

End temperatures  - 40-400°R (22-222'K); and 

Tube length  - 0.5 t o  4 f t  (15.24 t o  121.92 c m ) ,  
depending on p i p e  diameter  and v a r i a b l e  being 
inves t iga t ed .  

Comparison of  g l a s s  and s t a i n l e s s  steel  tubes.  - Figures  1 
through 3 g i v e  t h e  p red ic t ed  h e a t  f l u x e s  f o r  g l a s s - f i b e r  overwrapped 
and a l l  s t a i n l e s s  s t ee l  tubes.  Ths g l a s s  tubes  wi th  t h e  lowest hea t  
f l u x e s  are t h e  b a s e l i n e  cases as descr ibed  above, Except f o r  
materials and w a l l  t h i cknesses ,  a l l  of t h e  o t h e r  examples are based 
on t h e  same assumption. It i s  noted t h a t  t h e  more favorable  g l a s s -  
f i b e r  overwrapped tubes  are not  as conse rva t ive  i n  terms of material 
th i cknesses  as would be suggested by s t r u c t u r a l  des ign  a n a l y s i s  re- 
s u l t s .  Therefore ,  t h e  comparisons g iven  i n  f i g ,  1 through 3 tend 
t o  show t h e  l i m i t  of r educ t ion  of h e a t  f l u x  t o  be gained by use  of  
t h e  g l a s s - f i b e r  overwrap technique.  

Liner  and overwrap th i ckness  e f f e c t s .  - The e f f e c t  of i nc reas ing  
t h e  l i n e r  t h i ckness  was eva lua ted  f o r  t h e  t h r e e  tube s i z e s .  Resu l t s ,  
shown i n  f i g ,  4 through 6, show an  approximately l i n e a r  dependence of  
h e a t  f l u x  on l i n e r  w a l l  th ickness .  A small d i f f e r e n c e  is noted be- 
tween p r o p e r t i e s  of annealed incone l  and incone l  i n  t h e  h e a t  t r e a t e d  
and aged cond i t ion ,  w i th  t h e  l a t t e r  g iv ing  approximately t h e  same 
h e a t  t r a n s f e r  on s t a i n l e s s .  

The in f luence  of g l a s s  overwrap th i ckness  on o v e r a l l  h e a t  t r a n s f e r  
i s  shown i n  f i g .  7 through 9. A s  would be expected from t h e  thermal  
p r o p e r t i e s  of glass-epoxy composites,  o v e r a l l  h e a t  t r a n s f e r  i s  less 
s e n s i t i v e  t o  t h e  overwrap th i ckness .  The d a t a  presented a s su res  t h a t  
a l l  t h e  g l a s s  f i b e r s  are o r i e n t e d  i n  t h e  hoop d i r e c t i o n ,  The o v e r a l l  
thermal  conduc t iv i ty  of t h e  g l a s s  composite w i th  long i tud ina l  f i b e r  
o r i e n t a t i o n  i s  approximately twice t h a t  f o r  t h e  c i r c u m f e r e n t i a l  or 
hoop o r i e n t a t i o n .  

Radia t ion  e f f e c t s .  - To determine the  s e n s i t i v i t y  of t h e  o v e r a l l  
h e a t  f l u x  through t h e  tube t o  t h e  s u r f a c e  p r o p e r t i e s  o f  t h e  l i n e r  
material ,  t h e  i n t e r n a l  e m i s s i v i t y  was va r i ed  from 0.1 t o  1 assuming 
d i f f u s e  r e f l e c t i v i t y .  (The e m i s s i v i t y  of  t h e  p i p e  ends was assumed 
t o  be 1 f o r  a l l  cases.) I n  a d d i t i o n ,  t h e  h e a t  f l u x e s  f o r  t h e  va r ious  
tube conf igu ra t ions  were c a l c u l a t e d  wi th  no r a d i a t i o n ,  These r e s u l t s  
are g iven  i n  f i g .  10 through 12. The cases of  no r a d i a t i o n  a r e  shown 
as e m i s s i v i t y  = 0. 
cluded t h a t  t h e  h e a t  t r a n s f e r  is q u i t e  i n s e n s i t i v e  t o  t h e  e m i s s i v i t y  
parameter.  
a s  expected,  on t h e  r a t i o  of  diameter  t o  length.  For t h e  case  where 
t h i s  r a t i o  is near 1 [5- in .  (12.7 c m )  d iameter ,  0 .5 - f t  (15.24 c m )  
long], approximately 38% of t h e  h e a t  t r a n s f e r  i s  due t o - r a d i a t i o n .  
For t h e  very  small r a t i o s  of diameter  t o  l eng th ,  the  r a d i a t i o n  compo- 
nent  of h e a t  t r a n s f e r  i s  almost  n e g l i g i b l e .  

By i n s p e c t i o n  o f  t hese  r e s u l t s ,  i t  can be con- 

The f r a c t i o n  of  h e a t  t r a n s f e r r e d  by r a d i a t i o n  is  dependent, 
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For meta l  l i n e d  tubes ,  t h e  assumption of  d i f f u s e  r e f l e c t i v i t y  
of t h e  i n s i d e  s u r f a c e  in t roduces  some e r r o r .  However, accu ra t e  
a n a l y s i s  of r a d i a t i o n  hea t  t r a n s f e r  due t o  specu la r  i n f r a r e d  re -  
f l e c t i o n  i s  d i f f i c u l t  t o  accomplish because of (1) a d d i t i o n a l  com- 
p l e x i t y  of computation, (2) g r e a t e r  d i f f i c u l t y  of measuring specular  
r e f l e c t i v i t y  of metal  l i n e r ,  and ( 3 ) ,  s t r o n g  tendency f o r  t h i s  
p rope r ty  of t h e  metal  t o  change w i t h  handl ing,  f a b r i c a t i o n  processes  
and environmental  exposure.  The e r r o r  r e s u l t i n g  from t h i s  s i m p l i f i c a -  
t i o n  can be es t imated  t o  be a s  much a s  200% of  t h e  c a l c u l a t e d  r a d i e n t  
h e a t  t r a n s f e r  f o r  ve ry  h i g h l y  pol i shed  s u r f a c e s  over a l imi t ed  range 
of length  t o  diameter  r a t i o s ,  For p r a c t i c a l  ca ses ,  however, and 
p a r t i c u l a r l y  f o r  h igh  r a t i o s  of l eng th  t o  diameter  ( g r e a t e r  t han  L O ) ,  
t h e  e r r o r  i s  be l ieved  t o  be of minor s i g n i f i c a n c e .  .Fu r the r ,  h e a t  
f l u x e s  p red ic t ed  f o r  t h e  convent iona l  a l l  s t a i n l e s s  s t e e l  tubes  a r e  
s u b j e c t  t o  e s s e n t i a l l y  t h e  same inaccuracy.  

E f f e c t  of ope ra t ing  temperature .  - Because t h e  apparent  thermal 
conduc t iv i ty  of r a d i a t i o n  h e a t  pa ths  as w e l l  a s  t h e  conduc t iv i ty  of 
s o l i d  and gas conductors depends on temperature ,  t h e  h o t  end temper- 
a t u r e  i s  more important  t han  t h e  cold end temperature  on h e a t  t r a n s -  
mission.  This  i s  i l l u s t r a t e d  i n  f i g .  13 through 15. For t h i s  reason,  
f o r  a long l i n e ,  an advantage might be gained by coa t ing  t h e  uninsu- 
l a t e d  p o r t i o n  of t h e  l i n e  w i t h  a m a t e r i a l  possess ing  e m i s s i v i t y  and 
a b s o r p t i v i t y  p r o p e r t i e s  f avorab le  t o  reducing the  l i n e  temperature ,  

I n s u l a t i o n  hea t  f l ux .  - When t h e  h e a t  t r a n s f e r  through a tube i s  
reduced, t h e  e f f e c t  of i t s  i n s u l a t i o n  becomes more important .  I f  c a r e  
i s  not  taken  t o  prevent  conduct ion along t h e  i n s u l a t i o n  l a y e r s  (alum- 
in i zed  mylar, f o r  i n s t a n c e ) ,  t h e  tube may be thermal ly  s h o r t  c i r c u i t e d ,  
thereby  e l imina t ing  any h e a t  r educ t ion  t h a t  o therwise  would be achieved. 
I n  t h e  p re sen t  a n a l y s i s ,  a cons t an t  hea t  f l u x  i n s u l a t i o n  has  been 
assumed, w i th  no conduction i n  t h e  long i tud ina l  d i r e c t i o n  of t h e  tube.  
This  would be achieved wi th  m u l t i l a y e r  i n s u l a t i o n  by t ape r ing  t h e  i n -  
s u l a t i o n  th i ckness  t o  main ta in  each f o i l  a t  a cons t an t  temperature .  
F igures  16 through 18 show t h e  e f f e c t  of t h e  i n s u l a t i o n  h e a t  f l u x  on 
t o t a l  hea t  f l ux .  The s i g n i f i c a n t  conclus ion  from these  r e s u l t s  i s  
t h a t  f o r  a h igh  s idewa l l  hea t  f l u x ,  t h e  e f f e c t  of tube length  i s  min- 
imized. This  i s  because t h e  r a d i a l  hea t  f l u x  through t h e  i n s u l a t i o n  
a c t s  t o  inc rease  t h e  h e a t  t r a n s f e r  through t h e  tube toward t h e  cold 
end and consequent ly  t h e  temperature  g r a d i e n t ,  Thus t h e  ho t  end temp- 
e r a t u r e  i s  approached a t  a s h o r t e r  d i s t a n c e  from t h e  cold end, and t h e  
tube appears  thermal ly  t o  be s h o r t e r .  Because of  t h e  i n s u l a t i o n  h e a t  
f l u x ,  it i s  a l s o  d e s i r a b l e  t o  p l ace  the  g l a s s - f i b e r  tube s e c t i o n  a s  
nes r  t h e  cold tank  a s  poss ib l e .  

E f f e c t  of  contained gas .  - A l l  of t h e  r e s u l t s  g iven  above assume 
t h a t  t h e  tube i n t e r i o r  i s  evacuated.  Because a va lve  i s  always r e -  
qu i red  t o  c l o s e  a tank-connected l i n e ,  it i s  d e s i r a b l e  t o  p l ace  t h i s  
va lve  near t h e  tank  ( f o r  ve ry  long-term mi'ssions), thus pe rmi t t i ng  t h e  
l i n e  t o  be evacuated,  However, p lac ing  t h e  va lve  a t  t h e  w a r m  end of 
t h e  l i n e  permits  i t  t o  be opera ted  a t  a more favorable  temperature .  
I n  a ze ro -g rav i ty  environment, a v e r y  l i t t l e  l i q u i d ,  i f  any, can remain 
i n  t h e  l i n e .  Table 1 g ives  t h e  r e s u l t s  of ana lyses  t o  eva lua te  t h e  
e f f e c t s  of contained gases .  
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TABLE 1. - EFFECT OF TUBE CONTENTS ON HEAT TRANSMISSION 
- 

Iten 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
l3 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 

49 
50 
51 
52 
53 
54 
55 
56 

Tube I D  

TJ-Tr- 
0.5 1.27 
0.5 1.27 
0.5 1.27 
0.5 1.27 
0.5 1,27 
0.5 1.27 
0.5 1.27 
0.5 1.27 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 
5 
5 

5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 

5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 

5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 
5.08 

12.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 

12.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 

13.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 
12.7 

Tube ~ 

I 

ft . 
1 
1 
1 
1 
1 
1 
1 
1 

I 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

r( 
4 
4 
4 
4 
4 
4 
4 

1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 
4 

- 

- 
*ConditLtions for A l l  Cases 

gth 
c m  

30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 

30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 

60.96 
60.96 
60.96 
60.96 
60.96 
60.96 
60.96 
60.96 

121.92 
121.92 
121.92 
121.92 
121.92 
121.92 
121.92 
121.92 

30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 

60.96 
60.96 
60.96 
60.96 
60.96 
60.96 
60.96 
60.96 

121.92 
121.92 
121.92 
121.92 
121.92 
121.92 
121.92 
121.92 

Tube Contents 

Vacuum 
Gaseous Hydrogen 
Gaseous Helium 
Vacuum 
Gaseous Oxygen 
Gaseous Fluorine 
vscuum 
Methane 

Vacuum 
Gaseous Hydrogen 
Gaseous Helium 
Vacuum 
Gaseous Oxygen 
Gaseous Fluorine 
Vacuum 
Methane 

Vacuum 
Gaseous Hydrogen 
Gaseous Helium 
Vacuum 
Gaseous Oxygen 
Gaseous Fluorine 
Vacuum 
Methane 

Vacuum 
Gaseous Hydrogen 
Gaseous Hel ium 
Vacuum 
Gaseous Oxygen 
Gaseous Fluorine 
vacuum 
Methane 

vacuum 
Gaseous Hydrogen 
Gaseous Hel ium 
vacuum 
Gaseous Oxygen 
Gaseous Fluorine 
Vacuum 
Methane 

Vscuum 
Gaseous Hydrogen 
Gaseous Helium 
Vacuum 
Gaseous Oxygen 
Gaseous Fluorbe 
Vacuum 
Metham 

Vacuum 
GaSeous Hydrogen 
Gaseous Helium 
Vacuum 
Gaseous Oxygen 
Gaseoua Fluorine 
Vacuum 
Metham 

COI 
1 - 

OR - 
40 
40 
40 

153 
153 
153 
201 
201 

40 
40 
40 

153 
153 
153 
201 
201 

40 
40 
40 

153 
153 
153 
201 
201 

40 
40 
40 

153 
153 
153 
201 
201 

40 
40 
40 

153 
153 
153 
201 
201 

40 
40 
40 

153 
153 
15 3 
201 
201 

40 
40 
40 

15 3 
153 
15 3 
201 
201 

Liafr - 0.002 in. (0.0051 cm) Stainless Steel 
Overwrap - 0.030 in. (0.0762 cm) Hoo Wrapped S. Glass 
Innulation Heat Flux - 0.1 BTU/hr fi! (0.315 W/m2) 
Internal Emissivity of Liner - 0.2 
Hot  End Temperature of 5OO0R (278 IC) for all items 

- 
End 
Ip. 
OK - 
22 
22 
22 
85 
85 
85 

112 
112 

22 
22 
22 
85 
85 
85 

112 
112 

22 
22 
22 
85 
85 
85 

112 
112 

22 
22 
22 
85 
85 
85 

112 
112 

22 
22 
22 
85 
85 
85 

112 
112 

22 
22 
22 
85 
85 
85 
112 
112 

22 
22 
22 
85 
85 
85 

112 
112 - 

Heat 

BTU/hr 

0.104 
0.139 
0.130 
0.093 
0.097 
0.089 
0.083 
0.089 

0.809 
1.366 
1.299 
0.785 
0.829 
0.830 
0.718 
0.793 

0.485 
0.763 
0.730 
0.459 
0.495 
0.495 
0.438 
0.476 

0.353 
0.492 
0.476 
0.340 
0.357 
0.358 
0.328 
0.347 

5.913 
9.469 
9.058 
5.722 
6.199 
6.205 
5.537 
6.041 

3.724 
5.521 
5.317 
3.614 
3.855 
3.858 
3.506 
3.760 

2.351 
3.246 
3.146 
2.292 
2.911 
2.412 
2.232 
2.357 

W 

0.030 
0.040 
0.038 
0.027 
0.028 
0.026 
0.024 
0.026 

0.237 
0.400 
0.380 
0.230 
0.243 
0.243 
0.210 
0.232 

0.142 
0.224 
0.214 
0.134 
0.145 
0.145 
0.128 
0.139 

0.103 
0.144 
0.139 
0.099 
0.104 
0.105 
0.096 
0.102 

1.73 
2.774 
2.654 
1.676 
1.816 
1.818 
1.622 
1.770 

1.091 
1.617 
1.558 
1.059 
1.129 
1.130 
1.027 
1.101 

0.689 
0.951 
0.922 
0.672 
0.853 
0.707 
0.654 
0.691 
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S t r u c t u r a l  Design Analys is  

The s t r u c t u r a l  des ign  a n a l y s i s  was based on an  e v a l u a t i o n  of  
t h e  o p e r a t i o n a l  requirements of  t h e  proposed tubes .  
ments i n c l u d e  one o r  more l e a k  checks a t  o p e r a t i n g  p r e s s u r e  and 
ambient temperature  du r ing  f a b r i c a t i o n  and assembly. The tubes  
would be sub jec t ed  t o  bending and t o r s i o n a l  loads  du r ing  handl ing 
and i n s t a l l a t i o n  i n  a p r o p e l l a n t  system; and t o  v i b r a t i o n  and dynamic 
loads  du r ing  launch and f l i g h t  o f  a space v e h i c l e .  The tubes would 
also be sub jec t ed  t o  s e v e r e  thermal  stresses and b i a x i a l  s t r a i n  du r ing  
tank loading,  t ank  p r e s s u r i z a t i o n ,  long-term ho lds ,  and p r o p e l l a n t  
outf low when engines  were ope ra t ed .  

These r e q u i r e -  

The o p e r a t i o n a l  requirements f o r  long-term space v e h i c l e s  were 
considered a p p r o p r i a t e  t o  t h e  i d e n t i f i e d  program and were used as 
c r i t e r i a  du r ing  t h e  s t r u c t u r a l  d e s i g n  a n a l y s i s .  

Conditions.  - Four d i s t i n c t  c o n d i t i o n s  regarding t h e  l i n e r  
temperature  and t h e  overwrap temperature  were s e l e c t e d  f o r  a n a l y s i s .  
These c o n d i t i o n s  were s e l e c t e d  as a r e s u l t  o f  t h e  o p e r a t i o n a l  re -  
quirements d i scussed  above. 
r e s u l t i n g  from these  c o n d i t i o n s ,  a f i f t h  and f i n a l  a n a l y s i s  v e r i f i e d  
t h e  r e s u l t s  f o r  t h e  c r i t i e a l  case  and a l s o  included a s a f e t y  f a c t o r  
(by s e l e c t i n g  t h e  working p r e s s u r e  ( P  ) t o  be 1.15 times nominal). 

After s e l e c t i n g  t h e  des ign  c o n f i g u r a t i o n  

W 

The cases which were considered inc lude :  

1) P r e s s u r i z e  t o  working p r e s s u r e  (P ) whi le  t h e  overwrap 

i s  a t  ambient temperature  and t h e  l i n e r  i s  a t  cryogenix 
temperature.  Th i s  c o n d i t i o n  arises dur ing  r ap id  cool-  
down; 

W 

2)  P r e s s u r i z e  t o  P w h i l e  t h e  l i n e r  and t h e  overwrap are 
W 

both a t  ambient temperature.  This c o n d i t i o n  a r i ses  
du r ing  l eak  checks; 

3 )  P r e s s u r i z e  t o  P wi th  t h e  overwrap a t  t h e  a p p l i c a b l e  
W 

cryogenic  temperature.  The l i n e r  w i l l  a l s o  be a t  cryo-  
g e n i c  temperature .  Th i s  c o n d i t i o n  arises dur ing  s t e a d y  
s t a t e  flow when t h e  l i n e  i s  i n s u l a t e d  and t h e  overwrap 
i s  n e a r l y  a d i a b a t i c ;  and 

+ T  

2 
4 )  P r e s s u r i z e  t o  P w i t h  t h e  overwrap a t  Tamb c ryo ,  and w 

t h e  l i n e r  a t  cryogenic  temperature .  Th i s  c o n d i t i o n  
assumes t h a t  t h e  o u t e r  l a y e r  of  t h e  overwrap w i l l  be 
a t  o r  near  ambient temperature  and t h e  i n n e r  l a y e r  of  
t h e  overwrap w i l l  be a t  t h e  same temperature  as  t h e  
l i n e r .  This  c o n d i t i o n  w i l l  occur i n  an  un insu la t ed  
l i n e  du r ing  s t e a d y  s ta te  flow. 
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Liner  th i ckness  cond i t ions .  - The l i n e r  t h i ckness  may be s i z e d  
i n  a manner t h a t  i n s u r e s  a l l  i n t e r n a l  p r e s s u r e  loading i s  c a r r i e d  i n  
t h e  l i n e r ,  or such t h a t  only a p o r t i o n  of t h e  i n t e r n a l  p r e s s u r e  load- 
ing  is  c a r r i e d  i n  the  l i n e r  w i t h  t h e  remaining load c a r r i e d  i n  t h e  
overwrap. The f o l l o w i i g  c o n d i t i o n s  were used i n  e v a l u a t i o n  of t h e  
l i n e r  t h i ckness  : 

A minimum th i ckness  s o  a l l  i n t e r n a l l y  app l i ed  loads w i l l  
be c a r r i e d  i n  t h e  l i n e r .  ( I n  t h i s  case t h e  g l a s s - f i b e r  
overwrap w i l l  provide f o r  easier and s a f e r  hand l ing  only) ;  

Consider t h e  t h i n n e s t  a p p r o p r i a t e  l i n e r ,  such as 0.002 in .  
(0.0051 c m )  f o r  s t a i n l e s s  s t ee l  and Incone l ,  and 0.005 i n ,  
(0.0127 cm) f o r  aluminum. ( I n  t h i s  case t h e  g l a s s - f i b e r  
overwrap w i l l  be  r equ i r ed  t o  suppor t  a l a r g e  p o r t i o n  of 
t h e  i n t e r n a l l y  app l i ed  load);  and 

A nominal t h i ckness  s o  t h e  combined loading i n  t h e  g l a s s -  
f i b e r  overwrap and t h e  l i n e r  appears  t o  be reasonable .  
( I t  may be f e a s i b l e  i n  t h i s  c a s e  t o  c a r r y  a l l  l o n g i t u d i n a l  
loading i n  t h e  l i n e r  and some of t h e  hoop load i n  t h e  
overwrap.) 

Maximum a l l o x a b l e  stress de te rmina t ion  - l i n e r .  - Severa l  
c r i t e r i a  were considered i n  t h e  s e l e c t i o n  of t h e  maximum a l lowab le  
stress i n  t h e  l i n e r ,  The major c o n s i d e r a t i o n ,  however, was t o  res t r ic t  
stress l e v e l s  i n  t h e  l i n e r  t o  t h e  e l a s t i c  range of t h e  m a t e r i a l .  P l a s t i c  
deformation and t h e  r e s u l t i n g  compressive loading i n  t h e  l i n e r  a f t e r  
p r e s s u r e  r e d u c t i o n  may r e s u l t  i n  l i n e r  buckl ing,  and o f f e r s  l i t t l e  a d -  
vantage i n  reducing weight o r  h e a t  leak. A l l  accep tab le  l i n e r  t h i ckness  
are based on t h e  l i n e r  remaining i n  t h e  e l a s t i c  c o n d i t i o n  during p res su re  
loading. Other f a c t o r s  t h a t  were analyzed included combined stresses, 
s t r e n g t h  r e d u c t i o n  due t o  welding, s t r e n g t h  r e d u c t i o n  due t o  weld-heat 
a f f e c t e d  zone, s t r e n g t h  changes due t o  v e r y  t h i n  members, and s t r e n g t h  
changes a s s o c i a t e d  wi th  g r a i n  d i r e c t i o n .  The c r i t e r i a  are d e t a i l e d  i n  
t h e  fol lowing:  

1) I n  a t h i n  wall c y l i n d e r  sub jec t ed  t o  i n t e r n a l  p re s su re ,  
t h e  combined stresses are determined by combining t h e  

= p r  ’ *a 2 t ’  
hoop s t ress0  = and t h e  l o n g i t u d i n a l  stress h 

where p i a  t h e  tube  i n t e r n a l  p r e s s u r e  ( p s i a ) ,  r i s  t h e  
tube  r a d i u s  ( in . ) ,  and t is  t h e  tube  wall th i ckness  (in.) .  
For cond i t ions  of b i a x i a l  stress, t h e  Hencky - von Mises 
theo ry  of f a i l u r e  g i v e s  r e s u l t s  i n  good agreement w i t h  
t e s t  d a t a  f o r  a number of materials. It is  t h e  most 
a c c u r a t e  theo ry  f o r  d u c t i l e  materials under h y d r o s t a t i c  
p r e s s u r e  cond i t ions  (Ref 1). This t heo ry  sugges t s  t h a t  
under combined stresses, t h e  y i e l d  stress (0 ) w i l l  be 

Y 
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modified as fol lows:  
Oh 2 - 0, 0, + oa 2 = ay 2 

w h e r e 0  i s  a u n i a x i a l  s t r e s s  i n  t h e  hoop d i r e c t i o n  and 

0 is  a u n i a x i a l  stress i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  
h 

a 
Since,  from above, 

w e  can s u b s t i t u t e  i n  t h e  Hencky-von Mises equa t ion  and 
o b t a i n  

and 
= Qy = 0.57 Q = a l lowab le  l o n g i t u d i n a l  stress 

~3 Y 

2 0  oh = 2 = 1.15 0 . = al lowable hoop stress 
$3 Y 

This  program w a s  not concerned wi th  r e s o l v i n g  t h e  a d d i t i o n a l  
problems a s s o c i a t e d  w i t h  water hammer; assembly m i s f i t s  and 
s t r a i n s  a s s o c i a t e d  w i t h  them, e t c .  S p e c i f i c  v e h i c l e  working 
p res su res  and cond i t ions  w i l l  r e q u i r e  a t t e n t i o n  t o  t h i s  
category;  

2 )  The process  of r e s i s t a n c e  o r  f u s i o n  welding t h e  l i n e r  t o  
form a l eak  t i g h t  system causes  some reduc t ion  i n  t h e  t o t a l  
t ube  s t r e n g t h .  Estimates of weld e f f i c i e n c y  range from 60 
t o  90% of t h e  base metal s t r e n g t h ,  b u t  l i t t l e  d a t a  e x i s t e d  
concerning s t r e n g t h  r e d u c t i o n  due t o  welding ve ry  t h i n  membeks . 
Another area of concern i s  t h e  hea t - a f f ec t ed  zone around t h e  
weld. I n  t h e  case  of aluminum, h e a t  t r e a t i n g  a f t e r  welding 
w i l l  r e s t o r e  t h e  base metal t o  i t s  o r i g i n a l  y i e l d  l e v e l .  I n  
t h e  c a s e  of Incone l  718, t h e  s h o r t  t i m e  l o c a l i z e d  h e a t  is 
app l i ed  may r e s u l t  i n  l i t t l e ,  i f  any s t r e n g t h  r educ t ion ,  and 
any s t r e n g t h  l o s t  can be recovered by aging,  I n  t h e  case of 
s t a i n l e s s  s tee l ,  and i n  t h i s  spec i f ic  a p p l i c a t i o n ,  cold 
working of t h e  j o i n t  t o  r e s t o r e  t h e  s t r e n g t h  i s  not ve ry  
p r a c t i c a l  and j o i n t  s t r e n g t h  w i l l  be  reduced; 
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S t r e n g t h  changes i n  t h e  l i n e r  a s s o c i a t e d  wi th  temperature  
changes were obta ined  from t h e  Cryogenic M a t e r i a l s  Data 
Handbook ( re f  2), and ( r e f  3 ) ;  
St reng th  r educ t ion  due t o  t h e  requi red  p res su re  and 
temperature  c y c l i n g  requirements  is considered t o  be 
n e g l i g i b l e .  Fa t igue  s t r e n g t h  c h a r t s  do n o t  app ly  t o  
less than  1000 c y c l e s ;  

R e l a t i v e l y  l i t t l e  d a t a  a r e  a v a i l a b l e  f o r  t h e  comparison 
o f  s t r e n g t h  ( a  ) i n  ve ry  t h i n  members. Sur face  defects, 

and s u r f a c e  cond i t ions  i n  gene ra l ,  have a l a r g e  percentage 
e f f e c t  on t h e s e  t h i n  members ; 

A s  a somewhat conse rva t ive  approach, t h e  weaker d i r e c t i o n  
of g r a i n ,  u s u a l l y  t r a n s v e r s e ,  was used i n  a l l  c a l c u l a t i o n s .  

Y 

A f t e r  cons ide r ing  each of  t h e  cond i t ions  r e l a t i n g  t o  t h e  maxi- 
mum a l lowable  stress t h e  fo l lowing  g e n e r a l  equat ion  was developed 
and used f o r  t h e  maximum a l lowable  s t r e s s :  

2 0  
Oh = x (weld e f f i c i e n c y  f a c t o r )  x ( inverse  of  s a f e t y  

$ f a c t o r )  max 

a h  f 0.935 0 
Y max 

and by d e f i n i t i o n  
= 0.467 0 . 

*a Y 
max 

A s e r i e s  of tensile tests was performed t o  determine y i e l d  and 
u l t i m a t e  stress va lues  and weld e f f i c i e n c y  va lues .  T e n s i l e  samples 
c o n s i s t e d  of bo th  t h i n  member unwelded coupons and t h i n  member welded 
coupons. Resu l t s  of t h e s e  t e s t s  are shown i n  t h e  Task  I11 Tes t ing  
s e c t i o n  of  t h i s  r e p o r t .  

Theory on bonding of l i n e r  and g l a s s - f i b e r  overwrap. - Resu l t s  
of a r e c e n t  bonding program ( r e f  4 )  i n d i c a t e  t h e  f e a s i b i l i t y  of 
p h y s i c a l l y  bonding-the l i n e r  t o  t h e  g l a s s - f i b e r  overwrap. This  
bond, i f  s u c c e s s f u l ,  would p e r m i t  t h e  t r a n s f e r  of s l i g h t l y  more 
hoop load and cons iderably  more l o n g i t u d i n a l  load i n t o  t h e  over- 
wrap. However, t h e  stress l e v e l s  i n  t h e  l i n e r  would r e s u l t  i n  
p l a s t i c  deformation wi th  a shor t en ing  of l i f e ,  Fu r the r ,  i f  
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t h e  bond f a i l e d ,  t h e  l i n e r  would f a i l  immediately because of stress 
l e v e l s  o r  it would f a i l  s h o r t l y  a f t e r  t h e  unbonding due t o  f a t i g u e .  

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  confirm t h e  d e s i r e  t o  pro- 
h i b i t  t h e  bonding of t h e  l i n e r  and overwrap and, i n  f a c t ,  t o  apply  
an  ant ibonding o r  release agent  t o  t h e  l i n e r  be fo re  overwrapping. 

Design a n a l y s i s  c a l c u l a t i o n s .  - The f i n a l  product of t h e  con- 
d i t i o n s  and c r i t e r i a  i s  r e f l e c t e d  by t h e  a c t u a l  des ign  c a l c u l a t i o n s  
f o r  t h e  composite specimen. The g e n e r a l  o rde r  of t h e s e  c a l c u l a t i o n s  
i s  t o  f i r s t  determine t h e  t h e o r e t i c a l  gap o r  i n t e r f e r e n c e  f i t  c r ea t ed  
dur ing  t h e  overwrap process .  Next, t h e  t h e o r e t i c a l  gap between t h e  
l i n e r  and t h e  overwrap when t h e  composite is subjec ted  t o  working 
temperatures  can be  c a l c u l a t e d .  The gap i n  combination wi th  stress/ 
s t r a i n  r e l a t i o n s h i p s  f o r  t h e  metal l i n e r ,  can  be used t o  determine 
t h e  p o r t i o n  of t h e  t o t a l  load i n  t h e  hoop d i r e c t i o n  t h a t  must be 
absorbed by t h e  l i n e r  be fo re  c o n t a c t  wi th  t h e  overwrap. 
t ac t ,  t h e  loads are t r a n s f e r r e d  t o  t h e  overwrap as a func t ion  of t h e  
modulus of  e l a s t i c i t y  and th i ckness  of t h e  members, 

Af t e r  con- 

Condit ion a t  room temperature.  - Before i n v e s t i g a t i n g  t h e  gap 
between t h e  metal l i n e r  and t h e  g l a s s - f i b e r  overwrap a t  t h e  cryogenic  
working temperatures ,  t h e  gap or cond i t ion  a t  room temperature  must 
be eva lua ted .  During t h e  overwrap process  t h e  g l a s s - f i b e r  system 
w i l l  be subjec ted  t o  a t e n s i l e  load t h a t  w i l l  s u b j e c t  t h e  l i n e r  t o  
a stress t h a t  can be i d e n t i f i e d  as 

2 
whereP  i s  t h e  l i n e r  p re s su re  i n  l b / i n  u n i t  s tress and T i s  t h e  t e n s i o n  
i n  pounds p e r  inch of overwrap width and r i s  t h e  l i n e r  r ad ius  i n  inches 
( r e f  5 ) .  Eknpirical d a t a  generated by Martin Marietta Corporat ion using 
a series of NOL r i n g s  were used t o  c a l c u l a t e  t h e  stress s t r a i n  r e l a t i o n -  
s h i p  and t o  determine t h e  pos t  c u r e  gap or i n t e r f e r e n c e  due t o  overwrap 
t e n s i o n  (see f i g .  19). Details of t h e  NOL r i n g  tes ts  are presented i n  
t h e  overwrap t ens ion  t e s t  d i s c u s s i o n  on page 120. These empirical d a t a  
as w e l l  as t h e  above equat ion  were used t o  determine i n t e r n a l  pressures  
and overwrap t ens ion  s e t t i n g s  used during f a b r i c a t i o n .  

A requirement of t h i s  program w a s  t o  l i m i t  t h e  overwrap imposed 
stress on t h e  l i n e r  t o  a r a t h e r  low va lue  w i t h  t h e  des ign  goa l  t o  
achieve  t h e  fol lowing va lue  a t  room temperature  cond i t ions ,  

where i s  t h e  a l lowable  compressive, hoop buckl ing stress f o r  t h e  l i n e r .  b 
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Severa l  methods of  c o n t r o l l i n g  t h i s  stress l e v e l  were a v a i l a b l e  
and eva lua ted  inc lud ing  t h e  use  o f  low overwrap t ens ion ,  i n t e r n a l  
p re s su re  t o  s t a b i l i z e  t h e  l i n e r  du r ing  t h e  overwrapping process ,  i n -  
dependent f a b r i c a t i o n  of  t h e  l i n e r  and overwrap t o  c o n t r o l l e d  d iameters ,  
and a t h i c k e r  l i n e r  so  t h e  buckl ing  stress a l lowab le  i s  increased .  

The use  of  a low overwrap t e n s i o n  s i m p l i f i e s  f a b r i c a t i o n  i n  t h a t  
no i n t e r n a l  p r e s s u r i z a t i o n  p rov i s ions  are r equ i r ed .  The l a r g e s t  d i s -  
advantage of  t h e  low t ens ion ,  s a y  2 o r  3 l b  (8.9 o r  13.35N) per  20 ends,  
is i n  t h e  low q u a l i t y  and poor s u r f a c e  f i n i s h  of  t h e  overwrap. Approx- 
ima te ly  6 l b  (26.7N) t e n s i o n  p e r  20 ends i s  r equ i r ed  t o  provide  a h igh  
q u a l i t y  s u r f a c e  f i n i s h  and a w e l l  compacted overwrap. A sample 1.25" 
(3.18 cm) diameter l i n e r  was overwrapped wi thou t  any i n t e r n a l  p re s su re  
and 2 l b  (8.9 N) t e n s i o n  (per  20 ends)  and a small cusp w a s  formed i n  
t h e  l i n e r  i n  t h e  area of t h e  l o n g i t u d i n a l  r e s i s t a n c e  w e l d ;  however, 
t h i s  cusp d i d  not  appear t o  a f f e c t  t h e  b u r s t  p re s su re  of t h e  tube ,  

To a t t a i n  a h igher  q u a l i t y  overwrap c o n f i g u r a t i o n  and s u r f a c e  
f i n i s h ,  i n t e r n a l  p re s su re  can be  added t o  t h e  l i n e r  dur ing  t h e  over -  
wrap process  t o  o f f s e t  t h e  overwrap t e n s i o n ,  This  i n t e r n a l  p re s su re  
w i l l  s t r e n g t h e n  t h e  l i n e r  cons ide rab ly  and can  prevent  formation of 
a cusp dur ing  t h e  process .  The a p p l i c a t i o n  o f  p re s su re  can r e s u l t  
i n  a n  e l a s t i c  s t r a i n  i n  t h e  l i n e r  and f o r c e  t h e  overwrap t o  a l a r g e r  
n u l l  d iameter .  The release of  t h e  p r e s s u r i z a t i o n  a f t e r  t h e  overwrap 
i s  complete w i l l  p e r m i t  t h e  l i n e r  t o  decrease i n  diameter  t o  t h e  
p o i n t  of d e s i r e d  compressive stress. Equat ions f o r  t h i s  combination 
o f  i n t e r n a l  p re s su re  and overwrap t e n s i o n  are no t  p rec ise  and t h e r e f o r e  
t h e  a p p r o p r i a t e  l e v e l s  are  b e s t  determined e m  i r i c a l l y ,  

2 l b  (8.9 N )  t e n s i o n  (per  20 ends)  and a n o t i c e a b l e  s t i f f e n i n g  of  t h e  
l i n e r  over  t h e  unpressur ized  specimen w a s  observed. No cusp w a s  formed; 
however, t h e  b u r s t  p re s su re  was t h e  same as t h e  o t h e r  specimen, O f  
s p e c i f i c  i n t e r e s t ,  t h e  c a l c u l a t e d  b u r s t  r e s s u r e  of  t h e  specimen i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n  was 1200 p s i  (827.4 N/cm2), w i t h  a c t u a l  b u r s t  
occu r r ing  a t  1175 p s i  (810.1 N/cm2). The f a i l u r e  occurred i n  t h e  con- 
n e c t i o n  of t h e  l i n e r  t o  t h e  end f i t t i n g .  
f a b r i c a t e d  from a 0.002 in .  (0,0051 c m )  t h i c k ,  1 .25  i n .  (3.18 c m )  d i a ,  
304L s t a i n l e s s  s t ee l  r e s i s t a n c e  welded l i n e r  and 0.030 i n .  (0.0762 c m )  
t h i c k  hoop wrapped S/HTS g l a s s  w i t h  t h e  58-68R r e s i n ,  20 ends preimpreg- 
na t ed ] .  A mod i f i ca t ion  t o  t h e  i n t e r n a l  p r e s s u r e  approach involves  t h e  
use  of a s o l i d  mandrel i n s i d e  t h e  l i n e r  du r ing  f a b r i c a t i o n .  The use o f  
t h i s  mandrel would be t o  s t i f f e n  t h e  l iner  and prevent  formation of  a 
cusp.  One d isadvantage  i n  us ing  t h e  s o l i d  mandrel i s  i n  t h e  i n a b i l i t y  
t o  e l a s t i c a l l y  s t r a i n  t h e  l i ne r  and c o n t r o l  (as noted above) t h e  pos t  
cu re  compressive stress. The s o l i d  mandrel is d iscussed  below a s  a 
method o f  prevent ing  buckl ing du r ing  t h e  c u r e  c y c l e .  

A second sample 
l i n e r  was overwrapped w i t h  25 p s i g  (25.5 N / c m  5 ) i n t e r n a l  p re s su re  and 

hoop d i r e c t i o n  was 12 000 p s i  (8274 N / c m  4 ) i n t e r n a l  p re s su re  and i n  t h e  

[Both o f  t h e  sample tubes  were 

Another method of f a b r i c a t i o n  would invo lve  s e p a r a t e  f a b r i c a t i o n  
of t h e  l i n e r  and t h e  overwrap t o  c o n t r o l l e d  d iameters  followed by 
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s l i d i n g  t h e  overwrap over t h e  l i n e r .  Closely c o n t r o l l e d  diameters  would 
make t h i s  method f e a s i b l e .  To s l i p  t h e  overwrap over t h e  l i n e r  (with a 
s l i g h t  i n t e r f e r e n c e  f i t  a t  ambient temperature)  t h e  l i n e r  would be 
cooled t o  l i q u i d  n i t r o g e n  temperature  t o  create a gap. Af t e r  t h e  over- 
wrap  and l i n e r  are jo ined  t h e  remaining end f i t t i n g  can  be welded t o  
t h e  l i n e r .  This process  would r e s u l t  i n  h igh  f a b r i c a t i o n  c o s t s  and 
probably not be c o s t  e f f e c t i v e ,  

The use of a t h i c k e r  l i n e r  t o  i n c r e a s e  t h e  a l lowab le  hoop buckling 
stress has t h e  disadvantage of i n c r e a s i n g  t h e  t o t a l  h e a t  f l u x .  Re- 
viewing t h e B b  al lowables  f o r  t h e  5 in .  (12.7 cm) diameter tube,  t h e  

s t r e s s  a l lowable can be inc reased  almost an  o rde r  of magnitude by 
doubling t h e  w a l l  thickness.  
t h e  o t h e r  methods are not acceptable .  

This  method should be used on ly  i f  

I n  conclusion,  t h e  a p p l i c a t i o n  of a small amount of i n t e r n a l  
p re s su re ,  r e s u l t i n g  i n  a small e l a s t i c  s t r a i n ,  during t h e  overwrapping 
and cu r ing  process w i l l  p e r m i t  a higher  wrap  t e n s i o n  and s t i l l  r e s u l t  
i n  a minimal i n t e r f e r e n c e  f i t  (or buckling s t r e s s )  a f t e r  t h e  f a b r i c a t i o n  
process  i s  complete. The p r e c i s e  l e v e l s  of p r e s s u r e  and wrap t e n s i o n  
were developed e m p i r i c a l l y  during t h e  e a r l y  s t a g e s  o f  specimen prepara- 
t i o n .  

Gap a t  working temperature.  A s  t h e  tube is  cooled t o  cryogenic 
working temperatures ,  t h e  l i n e r  circumference w i l l  be expressed as 

= c1 - llca 
cn W t  r t  w t  

where 

Ck = liner circumference a t  working temperature ,  
W t  

and 

C = l i n e r  circumference a t  room temperature, 75'F (297'K) 
'rt 

and 

where 

= average c o e f f i c i e n t  of l i n e a r  thermal expansion O!ave 

and 

= working temperature  T W t  
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and the overwrap circumference w i l l  be 

C = Co - AC 
OWt r t  O W t  

where 

C = overwrap circumference a t  working temperature  
O W t  

and 

= overwrap circumference a t  room temperature ,  75'F (297OK) 
r t  cO 

and 

AC = Co (save (75OF - Twt> 
O w t  r t  

This  r e s u l t s  i n  a gap between t h e  l i n e r  o u t s i d e  diameter  and the 
overwrap i n s i d e  diameter  a s  fol lows:  

W t  - 
277 

C 
- O W t  GAPWt - 

The gaps f o r  var ious  temperature  combinations a r e  shown i n  t a b l e s  
2 and 3 assuming a ze ro  stress cond i t ion  in  t h e  l i n e r  w i t h  no gap 
a t  ambient temperature .  

S t r e s s  i n  l i n e r  t o  c l o s e  gap t o  zero ,  - A s  i n t e r n a l  p re s su re  
i s  appl ied  i n  t h e  tube,  t h e  l i n e r  i s  subjec ted  t o  the  t o t a l  hoop 
load u n t i l  t h e  gap between t h e  l i n e r  and t h e  overwrap i s  reduced 
t o  ze ro  as a r e s u l t  of  t h e  s t r a i n  i n  t h e  l i n e r ,  The stress i n  t h e  
l i n e r  (a ) a t  t h i s  cond i t ion  can be def ined  as 4 

a = E  € R R R  
where E i s  t h e  modulus of e l a s t i c i t y  of t h e  l i n e r  a t  t h e  a p p l i c a b l e  
temperature  and = s t r a i n  i n  t h e  l i n e r  def ined  a s  €2 
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Rewri t ing t h e  above equat ion ,  we ob ta in  

W t  

A t  each combination of loads 

9 = E4 
W t  ( co ?)w 

and temperatures ,  t h i s  stress 
i s  des i r ed  t o  be less than  t h e  y i e l d  etrestr  a t  the app l i cab le  
temperature,  
t h i s  a n a l y s i s ,  

The poisson ' s  r a t i o  e f f e c t  was not  considered i n  

The r ewl t s  o f  t h i s  ana'lyeie a r e  shown in  t a b l e s  4 and 5,  
which include t h e  maximum a l lowable  s t r e a s  ("p,) and the  stress 

f n  t h e  case  where t h e  loads can t o  c l o s e  t h e  Oap t o  ze ro  

be c a r r i e d  by a t h i n  l i n e r  without: c l o s i n g  the  gap, t he  g l a s s  f i b e r  
overwrap w i l l ,  be a non load member, Tables 6 and 7 l ist  the  minimum 
th icknesses  €or the l i n e r  needed t o  c a r r y  811, pressure  loadse 

P 4  

- When t h e  s t r a i n  i n  t h e  
and t h e  overwrap, t h e  remain- 

avegwrap according i n g  loading is  absorbed by t h e  l iner and 
t o  t h e  r e l a t i o n s h i p  between. t h &  reepeattlve msdulus of e l a s t i c i t y ,  
Given t h e  stress i n  t h e  l i n e r  at: t h e  p a i n t  of con tac t  wi th  the  overwrap 
0 and given t h e  maximum a l l awab le  ICrem i n  the liner 0 , w e  
R, g m  

can c a l c u l a t e  t h e  a v a i l a b l e  stress ae 

The a v a i l a b l e  s t r a i n  i n  t h e  l i n e r  between con tac t  wi th  the  
overwrap and t h e  s t r a i n  a s soc ia t ed  wi th  the m a x i m u m  liner stress 
may be expressed a s  

and, by d e f i n i t i o n ,  t he  strain in the afterwrap @an be expreesed a s  
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The p o r t i o n  of t h e  i n t e r n a l  p re s su re  t h a t  w i l l  be c a r r i e d  i n  
t h e  l i n e r  is expressed by 

m r 

where tx i s  t h e  l i n e r  t h i c k n e s s ,  r fs t h e  nominal t ube  r a d i u s  

and PJ i s  t h e  maximum i n t e r n a l  tube p r e s s u r e  a s s o c i a t e d  w i t h  t h e  

maximum l i n e r  stress, 
m 

The p o r t i o n  of t h e  i n t e r n a l  p r e s s u r e  t h a t  w i l l  be  c a r r i e d  i n  
t h e  overwrap i s  expressed by 

P " P  - P  
'm 0 

where Pw i s  t h e  i n t e r n a l  working pressure.  Then t h e  stress i n  t h e  
P r  

0 overwrap i s  a. = - 
& 
I. 
0 

or t h e  th i ckness  of overwrap 
is p r  

0 t = -  L 

O go 
S u b s t i t u t i n g  and s o l v i n g  f o r  

r equ i r ed  t o  c a r r y  t h e  i n t e r n a l  p r e s s u r e  

t h e  overwrap th i ckness ,  w e  have 

The overwrap th i ckness  r equ i r ed  f o r  t h e  Incone l  718 l i n e r s  is shown 
i n  t a b l e s  8 and 9. 

The next  s t e p  a s s o c i a t e d  w i t h  load s h a r i n g  r e q u i r e s  t h e  c o r r e c t i o n  
of t h e  von Mises equa t ion  t o  r e f l e c t  t h e  less than  2 : l  r e l a t i o n s h i p  
between hoop and l o n g i t u d i n a l  stresses i n  t h e  l i n e r o  I f  w e  assume 
t h e  g l a s s  is no t  bonded o r  otherwise connected t o  the  l i n e r  o r  end 
f i t t i n g s  i n  such a manner a s  t o  c a r r y  l o n g i t u d i n a l  load, w e  must 
c a r r y  a l l  of t h e  a x i a l  load i n  t h e  l i ne r .  The s o l u t i o n  of t h e  follow- 

s m  
i n g  equat ion must remain w i t h i n  t h e  a l lowab le  l i n e r  stress 

A t  t h i s  p o i n t  t h e  l i n e r  t h i c k n e s s  w i l l  r e q u i r e  some adjustment,  
and t h e  c a l c u l a t i o n s  w i l l  r e q u i r e  v e r i f i c a t i o n .  
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TABLE 4.- LINER STRESS ANALYSIS 

Overwrap 
(OF ) 

Amb 

Amb 

Amb 

-423 

- 174 

Liner 
(OF) 

Amb 

-300 

-42 3 

-423 

-423 

Inca 
7 18 

0 
- 

$061-T6 

27.1 

30.6 

34.1 

34.1 

67.8 

81.0 

58.0 

67,2 

- 

- 
- 
- 

6061-T6 21-6-9 21-6-9 304L 

0 43,8 0 38.7 

30.3 113.1 62.3 46.4 

34.6 148,2 79.2 53.2 

28.9 148.2 64.3 53.2 

CJ 

Gd 

= maximum allowable l i n e r  stress i n  p s i  x 

-3 
m 

= l i n e r  stress t o  close gap i n  p s i  x 10 
g 

304L 

0 

59.2 

60.9 

46.2 

52.5 

6061-T6 =I aluminum 

21-6-9 = S t a i n l e s s  S t e e l  

304L = S t a i n l e s s  S t e e l  

Inco 718 Inconel  718 

Inca Inco 
718 718 

98-0 0 

114.1 46.7 

123.8 55.8. 

123-8 40.0 

123.8 46.3 

(T is independent of l i n e r  diameter 

34.1 

Temperature r condi t ions 

31.2 148.2 70.5 53.2 

Amb 

TABLE 5.- LINER STRESS ANALYSIS 

2 -3 
GA = maximum allowable l i n e r  stress i n  N / c m  x 10 

m 

2 -3 = l iner  stress t o  close gap i n  W c m  x 10 

6061-T6 = aluminum 6 is  independent of l iner  diameter 

21-6-9 = S t a i n l e s s  S t e e l  

304L = S t a i n l e s s  S t e e l  

Inco 718 Inconel 718 
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-423 0.018 0.005 0.013 

TABLE 7 .  - MINIMUM LINER THICKNESS TO CARRY ALL PRESSURE LOADS 

0.011 0.0032 0.008 0.0048 0.0014 0.0034 0.0040 0.0012 0.0029 

20 0.0457 0.0127 0.033 0.0279 0.0081 I 0.0203 10.0122 1 0.0036 I 0.0086 I 0.0102 I 0.0031 I 0.0074 

Temp cond 

wrap l i n e r  
(OF> (OF) 

Maximum working pressure (P,) = 1.15 x operating pressure 
Pw for 1.27 cm tube = 2340 N/cm 

2 

" 
Inconel 718 l i n e r  (unid i rec t iona l  hoop wrap) 

O.5.dia x 0.004 t h i ck  2 dia x 0.002 th ick  5 d i a  x 0.002 th ick  
(in.) (in. ) (in.) 

I 2 
P, for  5.08 and 12.7 em tube = 170 N/cm I 

Amb 

TABLE 8.- REQUIRED OVERWRAP THICI(NESSES FOR INCONEL 718 LINERS 

1 I Overwrap thickness (t-)  required f o r  hoop s t r e s s  cont ro l  fo r  

-423 0.0049 None required 0.0085 I 

- 
Temp cond 

wrap l i n e r  
(9r> (OK) 

r Amb 1 Arnb I 0.0068 I None required I 0.0076 I 

Overwrap thickness (to) required f o r  hoop s t r e s s  cont ro l  fo r  

Ineonel 718 l i n e r  (unid i rec t iona l  hoop wrap) 
1.27 dia x 0.0102 th i ck  5.08 dia x 0.0051 th i ck  12.7 d i a  x 0.0051 

(4 (em) th ick  (cm) 

Amb 

Amb 

_I 

Amb 0.0173 Noae required 0.0193 

20 0.0125 None required 0.0216 
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Liner  loads due t o  g l a s s  overwrap thermal  c h a r a c t e r i s t i c s .  - 
I f  t h e  g l a s s  overwrap is  a t t ached  f i r m l y  t o  t h e  l i n e r  end f i t t i n g s  

1 
L02 60 

I 
I 

Ove r w  r a p 

or  i t s  movement i s  r e s t r i c t e d  by t h e  end f i t t i n g s ,  cons ide ra t ion -  
must be g iven  t o  t h e  l i n e r  stresses induced by thermal c o n t r a c t i o n  
o r  expansion. Derivation, of a n  equa t ion  t o  determine t h e  l i n e r  
stresses i s  presented below: 

F ig ,  20- Determination of Liner  S t r e s s e s  

Consider f i g .  20 where t h e  fol lowing c o n d i t i o n s  e x i s t :  
0 

L i s  t h e  l eng th  a t  T 

( 4 0 8 O K ) I  of t h e  composite tube. 
l i n e r  a r e  equa l  l eng th  a t  cu re  temperature s i n c e  t h e  
overwrap assumes l i n e r  dimensions u n t i l  cu r ing  is  
comp l e t  ed ; 

L i s  t h e  l eng th  of t h e  composite tube a t  some temp- 
e r a t u r e  T 

e r a t u r e  T i f  i t  were u n r e s t r a i n e d  (L - AL,?; 

[ cu re  temperature of +275 F 1 
Both overwrap and 

1 

2; 
i s  t h e  l eng th  t h e  overwrap would be a t  some temp- 

i s  t h e  l eng th  of t h e  l i n e r ,  i f  u n r e s t r a i n e d ,  a t  

Lo 2 

LL2 

2 

T2. (L - AL4); 

6, i s  t h e  d e f l e c t i o n  i n  t h e  overwrap r e s u l t i n g  from 

l i n e r  loading a t  T2;  

6 4  i s  t h e  d e f l e c t i o n  i n  t h e  l i n e r  r e s u l t i n g  from over- 
wrap loading a t  T-; 

6 0  2 

Eo i s  t h e  s t r a i n  i n  t h e  overwrap a t  T = 
2 Lo2; 

€3 is  t h e  s t r a i n  i n  t h e  l i n e r  a t  T = !LA* 
$2 

Free body - t h e  composite i s  un res t r a ined .  

Overwrap and l i n e r  both connect t o  end f i t t i n g  b u t  no 
shear  bond e x i s t s  between l i n e r  and overwrap elsewhere.  
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When t h e  l i n e r  i s  cooled t o  ambient temperature  a f t e r  
cu r ing ,  t h e  s t r e s s  i n  t h e  l i n e r  and overwrap are increased .  
Der iva t ion  of t h e  l i n e r  s t r e s s  equat ions  i s  as fo l lows:  

where O = c o e f f i c i e n t  of thermal  expansion and AT i s  nega t ive  
(cool ing) .  Because t h e  f o r c e s  i n  t h e  overwrap and l i n e r  must 
be equal  a t  equ i l ib r ium cond i t ions ,  

Z F  0 or  Fo + Fl = 0 and s i n c e  

Fo = Q A and 9 = Qe AQ then  a A +%Ai = 0 
0 0  0 0  

- 9 At - -  - or 

0 
A 

= -aR Aa or go 
OoAo 

where F = fo rce ,  A = c r o s s  s e c t i o n a l  a r e a  and 0 = s t r e s s ,  

From f i g .  20, t h e  fol lowing r e l a t i o n s  can be obta ined:  

P A L  - X  
b0 0 

6, = x - A L a  

0 and, because6  - - - €1 LL2 E where 6 = eo Lo2, and 6 j  = 
0 

O o  L02 and 6A= - 0 LL2 . S u b s t i t u t i n g  t h e s e  va lues  
then  6 = - 

o E  0 E 4  

O'oLo2 AL - X 
0 - =  g i v e s  

0 
E 

- -  - x--dLR - ?-!iLL2 
El 

adding equat ions  3 and 4 .g ives  

I T L  
0 -  A OoLo2 - A L2 AL 

E 0 El 
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s u b s t i t u t i n g  o = - Aa i n t o  equa t ion  5 

0 
A 0 

s u b s t i t u t i n g  equat ions 1 and 2 i n t o  ( 6 )  

L a  AT f L a l A T  
0 = : -  

- Ox Ai? L02 - 01 5 2  

A E  0 0  EL 

s i n c e  L E LL2 L t h i s  may be s i m p l i f i e d  w i t h  n e g l i b l e  e r r o r  
02 

t o  

or  

or 

and Q c  =: - AL 

0 
A 

A p o s i t i v e  stress i n d i c a t e s  t e n s i o n  and a nega t ive  stress i n d i c a t e s  
compression. The AT i s  nega t ive  f o r  coo l ing  and p o s i t i v e  f o r  w a r m -  
ing from cure  cond i t ions ,  

The above equat ions were used t o  c a l c u l a t e  s t r e s s e s  i n  both the  
l i n e r  and overwrap due t o  temperature changes and d i f f e r e n c e s  i n  thermal 
expansion c h a r a c t e r i s t i c s  of t h e  materials, The r e s u l t s  are shown i n  
Table 10. Only those  specimens designed t o  t r a n s f e r  a x i a l  loads from 
t h e  l i n e r  t o  t h e  overwrap r equ i r ed  use of t h e s e  c a l c u l a t i o n s .  
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TABLE LO. - LINER STRESS DUE TO THERMAL COEFFICIENT GRADIENTS 
BETWEEN THE LINER AND OVERWRAP, INCONEL 718 (AXIAL) 

* This  column i s  t h e  i d e n t i f y i n g  drawing number f o r  
each tube  des ign ,  

Spec i m e  n 
Number * 

CFL 6300605 

CFL 6300606 

CFL 6300607 

CFL 6300609 

CFL 6300610 

CFL 6300611 

CFL 6300612 

CFL 6300613 

CFL 6300614 

CFL 6300615 

Tube Diameter 

in 

0.5 

0,s  

0.5 

2.0 

2,o 

2.0 

2 00 

5.0 

5.0 

5.0 

5 .O 

Clll 

1.27 

1.27 

1.27 

5 .OS 

5.08 

5.08 

5.08 

12.70 

12.70 

12.70 

12,70 

Compressive S t r e s s  i n  Liner  

2330 

2330 

2330 

3460 

3460 

3460 

2530 

8300 

8300 

6350 

6350 

N/ 2 c m  

1606 

1606 

1606 

2385 

2385 

2385 

1744 

5722 

5722 

4377 

4377 CFL 6300616 

NOTE: 1. A l l  stress va lues  a r e  c a l c u l a t e d  w i t h  l i n e r  and 
overwrap a t  -423'F (20°K) 

based on r e fe rence  2 f i g u r e s  D.13. t  and H . 1 . t - 1  
r e spec t ive ly .  

2. Thermal c o e f f i c i e n t s  f o r  l i n e r  and composite are 
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Buckling stress a l lowab les  (axial) ,  - Compression buckl ing 
i s  a f a i l u r e  mode i n  t h e  t h i n  metal l i n e r .  The ax ia l  compressive 
loading may be imposed from t h e  s p a c e c r a f t  s t r u c t u r e ,  from t h e  
engine t h r u s t ,  o r  from t h e  g l a s s - f i b e r  overwrap. The buckl ing 
stresses have been included on ly  f o r  Incone l  718 i n  t a b l e s  11 and 
12 because t h i s  material w a s  used i n  almost a l l  a p p l i c a t i o n s  based 
on t h e  preceeding c a l c u l a t i o n s .  

Buckling stress a l lowab les  (hoop), - Compression buckl ing i s  
a f a i l u r e  mode i n  t h e  t h i n  metal l i n e r  i n  t h e  hoop as w e l l  as t h e  
a x i a l  d i r e c t i o n .  The compressive hoop loading m y  be imposed from 
t h e  g l a s s - f i b e r  overwrap. 
f o r  Inconel  718 and CRE3 only (see t a b l e s  13 and 14) because t h e s e  
materials were used f o r  a l l  a p p l i c a t i o n s ,  A cons t an t  modulus of 
e l a s t i c i t y  was used f o r  c a l c u l a t i o n s .  

The buckl ing stresses have been included 

Torque allowables.  - Torque may be a f a i l u r e  mode i n  t h e  t h i n  
metal l i n e r ,  Torque can be app l i ed  t o  t h e  l i n e r  during f i t t i n g  
makeup o r  through t h e  c o n f i g u r a t i o n  of t h e  p ropu l s ion  plumbing 
system. Tables  15 and 16 l is t  t h e  torque a l lowab les  f o r  Inconel  718 
assuming clamped ends. The va lues  w i l l  be  somewhat lower i f  hinged 
ends are assumed. Resu l t s  of t h e  torque v e r i f i c a t i o n  t e s t i n g  a r e  
shown i n  t h e  t es t  s e c t i o n  of t h i s  r e p o r t .  

Material c o m p a t i b i l i t y  and co r ros ion .  - Material c o m p a t i b i l i t y  
w i th  l i q u i d  f l u o r i n e  must be considered du r ing  des ign  of t h e  g l a s s  
overwrapped tubes.  
considered compatible w i t h  l i q u i d  f l u o r i n e .  The c o r r o s i o n  ra te  of 

304L CRES i n  LF v a r i e s  between 0,25 x 10 and 200 x i n . / y e a r  

(0.64 x and 5 . 1  x 10 cm/year),  wh i l e  Inconel  c o r r o s i o n  r a t e  

i n  LF2 i s  approximately 250 x 10 

depending on t h e  information source  ( r e f  7 and 8 ) .  When cons ide r ing  
a 5-year mission using LF it becomes obvious t h a t  c o r r o s i o n  rates 

w i l l  be a s i g n i f i c a n t  f a c t o r  i n  p r o p e l l a n t  l i n e  th i ckness ,  whether 
t h e  l i n e s  be f i b e r g l a s s  overwrapped or  normal type s t e e l  l i n e s .  The 
overwrap would be incompatible wi th  l i q u i d  o r  gaseous f l u o r i n e  and 
must use l i n e r  p r o t e c t i o n  t o  prevent  r e a c t i o n s .  

A l l  of t h e  metal l i n e r s  being evaluated are 

-4 
2 

-4 

-4 -4 
i n , / y e a r  @ 4 O - x  10 cm/year) 

2’ 

The amount of c o r r o s i o n  al lowable i n  tube  th i ckness  i s  considered 
t o  be a s p e c i f i c  v e h i c l e  des ign  problem. 
c o r r o s i o n  allowance du r ing  des ign  o r  f a b r i c a t i o n  f o r  t h i s  c o n t r a c t .  

Leakage, - The maximum a l lowab le  helium leakage, w i t h  t h e  tube 

p r e s s u r i z e  t o  working p res su re  was 1 x 10 scc / sec .  J o i n t  leakage was 
monitored only for  i n c r e a s e s  du r ing  t h e  t e s t i n g  t o  determine i f  t h e  g l a s s -  
f i b e r  t ube  exe r t ed  unusual p re s su res  on t h e  j o i n t  i n  s u f f i c i e n t  q u a n t i t y  
t o  cause a leak.  

No p rov i s ions  were made f o r  

-6 
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TABLE 11. - BUCKLING STRESS ALLOWABLES, INCONEL 718 (AXIAL) 

Liner  
m a t e r i a l  

Incone l  718 

Inconel  718 
7k 

Temp 
(OF) 

+75 

-423 

+75 

-423 
+7 5 

-423 

+75 

-423 

+7 5 
-423 

Rad i u s  
r 

( in . )  

0.25 

0.25 

1.0 

1.0 
1.0 

1.0 

2.5 

2.5 

2.5 

2.5 

Modulus of 
E l a s t i c i t y  

E 
( p s i )  

29 x LO6 

32 x LO6 
6 29 x 10 

32 x lo6  
29 x lo6  

6 32 x 10 
6 29 x 10 

32 x l o6  
29 x LO6 

6 32 x 10 

Thickness 

( in .  

0.007 

0.007 

0.006 

0.006 

0.003 

0,003 

0.006 

0.006 

0.003 

0.003 

A 1 lowab l e  
S t r e s s  

t *  
re= 0.3 E .$ 

243,600 
268,800 t 

52,200 

57,600 

26 , 100 

28,800 

20,880 

23,040 

8,630 

9,524 

4 t h  e d i t i o n ,  McGraw-Hi 11 , 

TABLE 12. - BUCKLING STRESS ALLOWABLES, INCONEL 718 (AXIAL) 

Liner 
m a t  e r i a  1 

Inco 1 718 

Inconel  718 

Temp 

(OK> 

297 

20 

297 

20 

297 

20 

297 

20 

297 

20 

Length 
14 

( d  

30.48 

3( +8 

Rad iu: 
r 

( 4  

0.635 

0.635 

2.54 

2.54 

2.54 

2.54 

6.35 

6.35 

6.35 

6.35 

Modulus of 
Elas t i c i t y  

E 
(N/cm2) 

19.99 x LO6 
6 22.06 x 10 
6 

19.99 x 10 
6 

22.06 x 10 
6 19.99 x LO 
6 22.06 x 10 
6 19.99 x LO 
6 22.06 x 10 
6 19.99 x 10 
6 22.06 x 10 

Thickness 

R 
( 4  

t 

0.0178 

0.0178 

0.0152 

0.0152 

0.0076 

0.0076 

0.0152 

0.0152 

0.0076 

0.0076 

Allowable 
S t r e s s  

0, 
2 

(N/cm 

167,900'' 

185,300'' 

35,990 

39,700 

18,000 

19,860 

14 , 390 

15,880 

5,950 

6,570 

Jr 
a, exceeds al lowable y i e l d  s t r e s s ,  t h e r e f o r e  f a i l u r e  mode w i l l  be o t h e r  

than by buckl ing,  
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TABLE 13. - BUCKLING STRESS ALLOWABLE3 (HOOP) 

Liner 
materia 1 

Inconel 718 
or 

CR S 

Inconel 718 
or 

CRES 

Temp 
(OF) 

+; 0 

-1.75 O 

Liner 
thickness 
(in.) 

0,002 

0 o 004 

0,006 

O e 008 

0 . 010 
0,002 

0,004 

0 e006 

O 008 

0.010 

0.002 

0 ,004 

0 6 006 

O ,008 

0 * 010 

Liner 
d iame t e r 
D (in,) 

O b  
A1 lowab le 
(Psi) 

2'78 105" 

6 " 2.23 x 10 
6" 

7 *  

7 *  

7*50 x 10 

1.78 X-10 

3,48 x 10 
3 

4 
4,25 x 10 

3.48 x 10 
5" 

5 " 

5" 

1'4.7 x 10 

2.78 x 10 

5,40 x 10 
2 

3 

3 

4 

4 

2.78 x 10 

2623 x 10 

7.50 x 10 

le78 x 10 

3.48 x 10 

(Ref, 6), 
3 ab allowable = 150,000 t (D) E; 

6 E = 29 x 10 

Allowable Ob exceeds the allowable yield strength 
therefore, failure mode will be other than by buckling, 

psi for Inconel 718 and CRES materials (assumed) 
cryogenic allowables would be approximately 10% bigher. * 



TABLE 14 ,- BUCKLING STRESS AUOWABLES (HOOP) 

Line r  
mater ia  1 

Incone l  718 
o r  

CRES 

Incone l  718 
o r  

CRES 

Temp 
(OK> 

297 

I, 

1 

297 

L ine r  
t hicknes s 

(em) 

0.0051 

0,0102 

0.0152 

0.0203 

0.0254 

0,0051 

0.0102 

0.0152 

0.0203 

0.0254 

0.0051 

0.0102 

0.0152 

0.0203 

0.0254 

L ine r  
d i a  m e t  e r 
D (cd 

1.27 

1.27 

1.27 

1.27 

1.27 

5.08 

5.08 

5.08 

5.08 

5.08 

12.7 

12 .7  

12-7 

12.7 

12.7 

A 1 lowa b le  
2 N / c m  

1.92 x loF 
2. 

6" 1.54 x 10 

6 '' 5.17 x 10 
J- 

7 " 

7 3c 
1.23 x 10 

2.40 x 10 

3 2,93 x 10 

4 2.40 x 10 
43c 

5 3; 

8.07 x 10 

1.92 x 10 
3r 

3.72 x 10 

1.92 x 10 

1.54 x 10 

2 

3 

5.27 x 10 3 

4 

4 
1.23 x 10 

2,40 x 10 

6 
E = 20 x L O  N/cnL f o r  Incone l  718 and GRES m a t e r i a l s  (assumed) 

cryogenic a l lowables  would be approximately 10% h ighe r .  

ik A1lowableub exceeds t h e  al lowable y i e l d  s t r e n g t h ,  t h e r e f o r e ,  

f a i l u r e  mode w i l l  be o t h e r  t han  by buckl ing.  
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F a b r i c a t i o n  Analysis  

This  s e c t i o n  r e p o r t s  t h e  resu l t s  of an  i n v e s t i g a t i o n  of 
v a r i o u s  techniques i n  f a b r i c a t i n g  t h e  metal l i n e r  used i n  g l a s s -  
f i b e r  tub ing .  The g l a s s - f i b e r  tubing concept i s  based on a metal 
l i n e r  overwrapped wi th  a g l a s s - f i b e r  matr ix .  This  concept c a l l s  
f o r  t h e  l i n e r  t o  be as t h i n  as i s  p r a c t i c a l  f o r  thermal p r o p e r t i e s  
and s t i l l  r e t a i n  the  necessary s t r u c t u r a l  i n t e g r i t y ,  Prel iminary 
des ign  a n a l y s i s  i nd ica t ed  t h a t  metal  l i n e r  w a l l  t h i cknesses  i n  the  
0.0015 i n .  (0.0038 cm) t o  0 ,015-in.  (0.038 cm) range should be 
eva lua t ed  . 

This  information was gathered from eng inee r s  and i n d u s t r i a l  
o r g a n i z a t i o n s  with ex tens ive  experience i n  t h e  welding of t h i n  
gage materials. The t e c h n i c a l  i n f o m a t i o n  sources  included 
Mart in  Mariet ta 's  Advanced M a t e r i a l s  Technology Laboratory,  Bat te l le  
Memorial I n s t i t u t e ,  and v a r i o u s  bellows manufacturers ,  L ine r  fab-  
r i c a t i o n  i n  f o u r  a r e a s  was eva lua ted :  

1)  Material; 

2)  Tube f a b r i c a t i o n  and seam welding; 

3 )  Metal hardening p rocesses ;  and, 

4 )  End f i t t i n g  at tachment  concepts .  

Recommendations based on t h e  most f avorab le  c h a r a c t e r i s t i c s  
i n  each of t he  c a t e g o r i e s  a r e  included. 

Materials. - The metals  s e l e c t e d  f o r  l i n e r  m a t e r i a l  a re  a l l  
weldable and compatible wi th  t h e  proposed f l u i d s  i n  t h e  c o n t r a c t .  

321 CRES: This  s t a i n l e s s  s t e e l  has e x c e l l e n t  welding p r o p e r t i e s  
and i s  commonly welded by bellows manufacturers i n  both f u s i o n  and 
r e s i s t a n c e  welds i n  th i cknesses  of 0.002 i n .  (0.0051 cm) without  
helium leakage. The y i e l d  s t r e n g t h  and u l t i m a t e  t e n s i l e  s t r e n g t h  
are  s u p e r i o r  t o  most 300 s e r i e s  s t a i n l e s s  s t ee l s  i n  both ambient 
and cryogenic cond i t ions .  Th i s  m a t e r i a l  i s  r e a d i l y  a v a i l a b l e  i n  
the  d e s i r e d  s i z e s  from commercial sou rces ,  The c o s t  of t h i s  
s t a i n l e s s  i s  t h e  most f avorab le  of  t h e  l i n e r  m a t e r i a l s  considered,  

The only drawback wi th  321 CRES, as w i t h  a l l  300 series 
s t a i n l e s s  s t e e l s ,  i s  t h a t  a f t e r  f u s i o n  welding a r e l a t i v e l y  l a r g e  
h e a t  a f f e c t e d  zone e x i s t s  i n  t h e  weld area,  and t h e  s t r u c t u r a l  
p r o p e r t i e s  must be reduced accordingly,  

347 CRES: Th i s  s t a i n l e s s  s t e e l  i s  h i g h l y  recommended by 
bellows manufacturers because of i t s  e x c e l l e n t  welding and form- 
ing  c h a r a c t e r i s t i c s .  The y i e l d  s t r e n g t h  and t e n s i l e  s t r e n g t h  are 
equa l  t o  321 a t  ambient, bu t  a t  cryogenic temperatures ,  i t  i s  
about 30% less i n  y i e l d  s t r e n g t h .  However, t h i s  s t e e l  i s  s u p e r i o r  



t o  a l l  o t h e r  300 series s t a i n l e s s  steels i n  s t r e n g t h  a f t e r  welding, 
This  material i s  a l s o  r e a d i l y  a v a i l a b l e ,  and i t s  c o s t  i s  s l i g h t l y  
h ighe r  t han  321. 

21-6-9 Armco s t a i n l e s s  steel:  This  s t a i n l e s s  s t ee l  was 
s p e c i f i c a l l y  developed by t h e  Armco S t e e l  Company t o  be compet i t ive  
w i t h  t h e  300 series s t a i n l e s s  steels. The composition is  s i m i l a r  
t o  t h a t  of  347. The s t e e l  has  e x c e l l e n t  welding c h a r a c t e r i s t i c s ,  
and i t s  s t r e n g t h  a f t e r  welding i s  s u p e r i o r  t o  347. Th i s  s t ee l  
was e n t h u s i a s t i c a l l y  recommended by a l l  eng inee r s  contac ted .  S t r eng th  
a t  ambient cond i t ions  i s  50% more than  t h a t  of 321, and t h e  y i e l d  
s t r e n g t h  i s  more than  twice t h a t  of  321 a t  cryogenic  tempera tures ;  
bu t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of  t h e  material is on ly  s l i g h t l y  
h igher  t han  321. The m a t e r i a l  i s  r e a d i l y  a v a i l a b l e  a t  a price com- 
p e t i t i v e  w i t h  347 CRES. 

The main drawbacks wi th  t h i s  material i s  t h e  r educ t ion  i n  
s t r e n g t h  due t o  welding and t h e  i n a b i l i t y  t o  s t r e n g t h e n  theweakened 
a r e a s  w i t h  h e a t  t rea tment .  

Inconel  718: This  n icke l -base  a l l o y  i s  widely used through- 

Fusion welding i s  n o t  
ou t  i n d u s t r y  i n  th in - shee t  a p p l i c a t i o n s ,  The meta l  i s  e a s i l y  welded 
i n  s h e e t s  a s  t h i n  a s  0.005 i n .  (0,013 cm). 
recommended, by some manufacfurers ,  i n  t h i cknesses  less  than  0,005 
i n .  (0.013 cm) because d e f i n i t e  leakage c h a r a c t e r i s t i c s  are noted. 
This  metal has  s u p e r i o r  s t r e n g t h  c h a r a c t e r i s t i c s  when compared w i t h  
any of t h e  s t a i n l e s s  s teels ,  g e n e r a l l y  vary ing  between two and t h r e e  
times t h e  s t r e n g t h  of  s t a i n l e s s  s tee l .  

Because o f  a h igh  demand for n i c k e l ,  t h i s  metal i s  n o t  as 
r e a d i l y  a v a i l a b l e  as t h e  s t a i n l e s s  s t ee l s ,  The c o s t  of Inconel  718 
i s  t h r e e  times g r e a t e r  than  s t a i n l e s s  s teel .  

S ince  l i t t l e  d a t a  e x i s t e d  on s t r e n g t h  r educ t ion  due t o  welding 
very  t h i n  members, a se r ies  o f  p re l imina ry  t e n s i l e  tests were per -  
formed t o  determine weld s t r e n g t h  c h a r a c t e r i s t i c s .  The t e n s i l e  t e s t s  
were performed us ing  very  t h i n  s h e e t  Inconel  718, 301 CRES and 21-6-9 
Armco s t a i n l e s s  s t ee l  us ing  s e v e r a l  welding techniques.  
of t h e s e  tests are presented  i n  t h e  d i s c u s s i o n  i n  t h e  m a t e r i a l s  
t e n s i l e  t e s t s  s e c t i o n  of t h i s  r e p o r t .  

The r e s u l t s  

Tube f a b r i c a t i o n  and seam welding, - The welding or j o i n i n g  
processes  t h a t  were eva lua ted  included f u s i o n  welding, r e s i s t a n c e  
welding and seamless tubes ,  A f t e r  welding, some h e a t - t r e a t  o r  
hardening process  may be necessary,  and t h e s e  processes  were 
b r i e f l y  eva lua ted .  After f a b r i c a t i o n  of t h e  t h i n  l i n e r ,  i t  was 
jo ined  t o  a n  end f i t t i n g  i n  one of  t h r e e  g e p e r a l  methods -- resis- 
tance  welding,  f u s i o n  welding, o r  s o l i d - s t a t e  bonding. Each of  
t h e s e  processes  are d iscussed  i n  t h i s  s e c t i o n ;  bu t  aga in ,  no t  
n e c e s s a r i l y  i n  o r d e r  of  preference .  
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S t r a i g h t  seam f u s i o n  weld: The most common p r a c t i c e  i n  fab-  
r i c a t i n g  t h i n  w a l l  tubes  l a r g e r  t han  l - i n e  (2.54 cm) diameter  i s  
t o  r o l l  a tube  t o  t h e  des i r ed  d iameter ,  p repare  t h e  b u t t i n g  edges 
a s  shown i n  f i g .  2 1  and f u s i o n  weld a seam t h e  l eng th  of t h e  tube.  
Because of  h i g h l y  developed welding techniques ,  t h i s  w e l d  can con- 
s i s t e n t l y  be made l eak  f r e e .  Also, by p len i sh ing  and po l i sh ing  
t h e  w e l d ,  t h e  weld a rea  w i l l  conform t o  o v e r a l l  pipe s i z e  (no w e l d  
bu i ldup  i n s i d e  o r  o u t s i d e  t h e  tube ) .  This  welding process  can be 
used c o n s i s t e n t l y  wi th  metal  a s  t h i n  a s  0.002 i n ,  (0.0051 cm). 
The main drawback t o  t h i s  technique i s  t h e  r e l a t i v e l y  l a r g e  h e a t  
a f f e c t e d  zone i n  t h e  weld a rea .  

H e l i c a l l y  wrapped tubes :  This  technique f o r  forming tubes  
r e q u i r e s  wrapping a 2 t o  3 i n .  (5.0% t o  7.62 c m )  s t r i p  of meta l  
around a mandrel i n  t h e  form of a h e l i x  and f u s i o n  welding t h e  
edges.  This  i s  shown i n  f i g .  22  where t h e  b u t t i n g  edges a r e  
prepared a s  shown i n  f i g .  2 1 .  This  method of f a b r i c a t i n g  tubes  
has  d e s i r a b l e  s t r u c t u r a l  p r o p e r t i e s  from hoop s t r e s s  and forming 
a s p e c t s .  This  weld can a l s o  be plenished and pol i shed .  The two 
undes i r ab le  c h a r a c t e r i s t i c s  of t h i s  type of  f a b r i c a t i o n  a r e  t h e  
ve ry  long weld seam t h a t  i s  a p o t e n t i a l  l eak  source ,  and t h e  very 
l a r g e  h e a t  a f f e c t e d  zone due t o  t h e  length  of weld,  

S t r a i g h t  seam r e s i s t a n c e  welding: This  technique f o r  tube  
f a b r i c a t i o n  r e q u i r e s  t h e  tube t o  be r o l l  formed t o  t h e  d e s i r e d  
diameter  w i th  a s l i g h t  over lap  a t  t h e  mating s u r f a c e  a s  shown 
i n  f i g .  23 .  An anode i s  placed i n  t h e  tube,  and a r e s i s t a n c e  
w e l d  i s  run  down t h e  length  of  t h e  tube.  The excess  ove r l ap  
on both  the  i n s i d e  and o u t s i d e  of  t he  tube can then  be peeled 
away from t h e  weld. This  weld can be made l eak  f r e e  c o n s i s t e n t l y .  
Also, t h i s  type  of weld has  a minimal hea t  a f f e c t e d  zone and, i n  
most ca ses ,  i t  can probably be ignored from a s t r u c t u r a l  s t andpo in t .  
This  type  of w e l d  has  two d i s t i n c t  disadvantages--  t h e  inne r  seam 
i s  a p o s s i b l e  t r a p  f o r  contaminants ,  and t h e  over lap  a rea  i s  a 
p o t e n t i a l  l eak  pa th  when a t t ached  t o  an end f i t t i n g .  

Longi tudina l  bel lows:  This  concept can be used w i t h  e i t h e r  
t h e  f u s i o n  o r  r e s i s t a n c e  welded tube.  The tube  i s  made by r e s i s t a n c e  
o r  seam welding a s  descr ibed  e a r l i e r .  Then, by using e x i s t i n g  
forming methods, ve ry  low ampli tude bellows a r e  made along t h e  
l o n g i t u d i n a l  a x i s  a s  shown i n  f i g .  24.  This  type  of tube  would 
only  be of va lue  i n  cases  where t h e  thermal expansion o r  y i e l d  
s t r e n g t h  of a convent iona l  tube  would make i t s  use i m p r a c t i c a l  
wi thout  t h e  l o n g i t u d i n a l  be l lows ,  

Seamless drawn tube:  Tubes a s  l a r g e  a s  0.75 i n .  (1.90 cm)  i n  
diameter  can be drawn by convent iona l  methods down t o  w a l l  t h i c k -  
nesses  of 0.004 i n .  (0.010 cm), These tubes  have a l l  t h e  obvious 
advantages of be ing  seamless and, by t h e i r  na tu re  of manufacture,  
t hey  a r e  i n  a hardened cond i t ion ,  
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Weld Area A Before Weld 

Fig.  21.- Preparat ion of Butting 
Edges for  Fusion Flelding 

I Fig. 22.- He l i ca l ly  Wrapped Tubes 
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7 Res  is t ance  
seam weld 

Fig.  23.- Resis tance  Seam 
wi th  Overlap 

Welding 

(very l o w  amplitude- 
exaggerated a s shown) 

Fig.  24. - Seam Welded, Low 
Amplitude Be 1 lows 
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Heat t r e a t i n g  and hardening processes:  I n  all of t h e  a f o r e -  
mentioned cases t h e  pa ren t  metal would be i n  some s ta te  of hard-  
nes s  due t o  t h e  r o l l i n g  m i l l  process  used t o  produce i t s  t h i c k -  
nes s -  A f t e r  welding, w i t h  t h e  except ion o f  r e s i s t a n c e  welding,  
l a r g e  a r e a s  of the tube a r e  annealed (heat  a f f e c t e d  zone), This  
annealed p o r t i o n  o f  t h e  tube  has a ve ry  d i f f e r e n t  s t r u c t u r a l  
c h a r a c t e r  t han  t h e  pa ren t  me ta l ;  and, t h e r e f o r e ,  t h e  tube  w i l l  
n o t  r e a c t  a s  a homogenous member under hoop stress, and t h e  combined 
hoop stress c h a r a c t e r i s t i c s  a r e  e i t h e r  undes i r ab le  o r  unpred ic t ab le ,  
Under t h i s  c o n d i t i o n  t h e  prime a l t e r n a t i v e  i s  t o  annea l  t h e  e n t i r e  
tube.  Now t h e  tube  a c t s  a s  a homogenous member bu t  i t s  s t r e n g t h  
i s  g r e a t l y  reduced. 
s t a i n l e s s  s t ee l  i s  t o  cold work t h e  metal, Thus t h e  tube  can  be 
redrawn over a mandrel as w i t h  convent ional  seamless tubing.  This  
w i l l  reduce t h e  w a l l  t h i c k n e s s  and work harden t h e  e n t i r e  tube. 

The on ly  method t h a t  can be used t o  harden 

T h i s  redrawing process  c a n  a l s o  be used f o r  Incone l  718 t o  
o b t a i n  a t ube  wi th  a w a l l  t h i c k n e s s  of less than  0,005 in, (0.013 cm)  
w i thou t  leakage problems. Incone l  718 can be h e a t  t r e a t e d  and 
age hardened a f t e r  welding. An Incone l  718 tube,  f a b r i c a t e d  from 
m i l l  hardened metal  and r e s i s t a n c e  welded, would no t  normally 
r e q u i r e  a d d i t i o n a l  h e a t - t r e a t  o r  aging because t h e  r e s i s t a n c e  
welding would n o t  g r e a t l y  reduce i t s  s t r u c t u r a l  c a p a b i l i t i e s o  

End f i t t i n g  attachment concepts , -  The weld method used f o r  
a t t a c h i n g  t h e  end f i t t i n g  t o  t h e  me ta l  l i n e r  can be e i t h e r  a 
r e s i s t a n c e  weld, a f u s i o n  weld, o r  a s o l i d - s t a t e  bond, I n  g e n e r a l ,  
whether t h e  weld be r e s i s t a n c e  o r  f u s i o n ,  it i s  d e s i r a b l e  t h a t  
n e i t h e r  p o r t i o n  of t h e  weld j o i n t  should be more than  t h r e e  times 
t h e  t h i c k n e s s  of t h e  t h i n  member, O r ,  more simply s t a t e d ,  i f  t h e  
l i n e r  w a l l  t h i c k n e s s  i s  0,002 in, (0.005 c m )  t h e  a t t a c h i n g  p o r t i o n  
of t h e  end f i t t i n g  should n o t  exceed 0,006 in, (0.015 c m ) *  

The concept shown i n  f i g .  25, f o r  connect ing t h e  l i n e r  t o  
t h e  end f i t t i n g ,  could be a p p l i e d  t o  f l ange - type  end f i t t i n g s .  
This  method o f  attachment can be cleaned e a s i l y  and would e l i m i n a t e  
any contaminant t r a p  a r e a s  from t h e  assembly, 

The concept shown i n  f i g ,  26 would be of p a r t i c u l a r  i n t e r e s t  
when d i s s i m i l a r  metals  a r e  used f o r  l iner  and end f i t t i n g ,  
This  s i t u a t i o n  would exist when t h e  l i n e r  i s  made from I n c o n e l  718 
and t h e  end f i t t i n g  is a 300 series s t a i n l e s s  s teel ,  This  concept 
would a l s o  be v e r y  u s e f u l  where h e a t - t r e a t  and aging a f t e r  welding 
is undes i r ab le ,  because t h i s  method of welding does n o t  c r e a t e  a 
s i g n i f i c a n t  loss  of m a t e r i a l  s t r e n g t h ,  The on ly  drawback w i t h  this 
concept i s  t h a t  a p o t e n t i a l  c l ean ing  problem and contaminant t r a p  
could exist a t  t h e  liner end o f  t h e  f i t t i n g , ,  The e x t e r n a l  band can  
c a r r y  hoop stresses i n  t h e  a r e a  of weld s t r e n g t h  r educ t ion  and pre- 
v e n t  excessive s t r a i n  in  t h i s  weak a r e a c  
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Machine groove within 
3X in. of Flange Edge7 

U L X i n .  Thick 
Liner 

Fig. 25.- Connecting Liner and End 
F i t t i n g  Using Fusion Weld 

Fusion Weld 

Weld 

2-3X i n .  Thick Bgpd 
Resistance Weld 

2-3X i n ,  Thick 

Band Material 
am as Fi t t ing)  

Fig. 26.- Resistance Welding Liner to 
End F i t t i n g  with Strengthening Band 

Resistance Weld 

7 r  

Should Not Exceed 
3X in. Liner Thickness 

L 
Fig. 27,- Method of Attaching Two Liners Fig, 28.- Attaching F i t t i n g  t o  Liner Using 

Res i s  tance Weld 
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The concept shown i n  f i g .  27 would be a p p l i c a b l e  when a l i n e r  
of t h i s  c o n f i g u r a t i o n  i s  connected t o  ano the r  l i n e r  of similar 
c o n f i g u r a t i o n .  This method is used f r e q u e n t l y  by bellows manu- 
f a c t u r e r s  when a t t a c h i n g  bellows t o  end f i t t i n g s .  A disadvantage 
a s s o c i a t e d  wi th  t h i s  method i s  t h a t  it creates p o t e n t i a l  c l ean ing  
problems, 

The most s t r a i g h t f o r w a r d  approach t o  a t t a c h i n g  e i t h e r  f l ange -  
or threaded-type f i t t i n g s  t o  t h e  l i n e r  is shown i n  f i g .  28. This 
approach c a l l s  f o r  r e s i s t a n c e  welding t h e  l i n e r  t o  a t h i n  p o r t i o n  
of t h e  end f i t t i n g .  This  concept has two shortcomings; f i r s t ,  
machining t h e  t h i n  p o r t i o n  of t h e  end f i t t i n g  w i l l  be d i f f i c u l t  
t o  keep c o n c e n t r i c  and, second, t o  o b t a i n  t h e  p r e c i s e  o u t s i d e  
diameter  r equ i r ed  f o r  mating t h e  l i n e r  w i thou t  a gap t h a t  would 
burn through during r e s i s t a n c e  welding. This  method w i l l  a l s o  
p r e s e n t  c l ean ing  problems i n  t h e  f l a n g e  l i n e r  ove r l ap  a r e a .  

The concept shown i n  f i g .  29 would be a p p l i c a b l e  when an  
end f i t t i n g ,  e i t h e r  f l a n g e  o r  threaded type ,  i s  d e s i r e d  t o  be 
connected t o  t h e  l i n e r .  The l i n e r  can be i n s e r t e d  i n t o  the  f i t -  
t i n g  and bonded using a s o l i d - s t a t e  technique using a shaped ex- 
p l o s i v e  charge.  The advantage of t h i s  concept i s  i n  t h e  s t r e n g t h  
developed i n  t h e  j o i n t  t h a t  exceeds t h e  base  metal s t r e n g t h .  Two 
disadvantages a s s o c i a t e d  wi th  t h i s  method a r e  t h a t  i t  i s  new and 
not completely developed and c r e a t e s  p o t e n t i a l  c l ean ing  problems. 

S o l i d - s t a t e  bond -\ 

Fig. 29,- At tach ing  F i t t i n g  t o  Liner  Using 
S o l i d  - S t a t e  Bond 

Conclusion and recommendations. - The conclusions and recom- 
mendations w i l l  be covered i n  t h r e e  s e c t i o n s .  Each s e c t i o n  w i l l  
cover a s p e c i f i c  tube s i ze  and t h e  f a b r i c a t i o n  techniques t h a t  
most f avorab ly  lend themselves t o  t h e s e  s i z e s .  
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0.5-in. (1.27 cm) d iameter  tube: small diameter  t ubes  ( i , e , ,  
less than  1 in .  o r  2.54 cm)  are d i f f i c u l t  t o  f a b r i c a t e  us ing  a 
seam welding technique.  However, seamless tubing  w i t h  d iameters  
as l a r g e  as 0.75 i n .  (1.90 cm) and wall t h i ckness  as small as 
0.004 i n .  (0.010 c m )  are a v a i l a b l e  commercially. Th i s  seamless 
tub ing  can  be  drawn us ing  any of  t h e  materials d i scussed  i n  t h e  
material s e c t i o n .  I f  a l i n e r  t h i ckness  less than  0,004 i n .  (0.010 
c m )  i s  r equ i r ed ,  t h i s  t ub ing  could be  redrawn (by a s p e c i a l t y  company) 
down t o  wal l  t h i cknesses  of  0.0015 i n .  (0.0038 c m ) .  

The end f i t t i n g  a t t a c h i n g  methods shown i n  f i g .  26 and 28 can 
be used e q u a l l y  w e l l  w i th  f langed ,  th readed ,  o r  weldable  end f i t -  
t i n g s .  The method i n  f i g ,  26 can be  used i f  t h e  l i n e r  i s  Inconel  
718 and t h e  end f i t t i n g  i s  s t a i n l e s s  s tee l ,  The method descr ibed  
i n  f i g .  25 i s  t h e  most d e s i r a b l e  f o r  f langed  end f i t t i n g s ,  

I n  conclus ion ,  because t h e  l i n e r  i s  seamless and,  t h e r e f o r e ,  
does not  p re sen t  f a b r i c a t i o n  problems, t h e  f i n a l  tube des ign  w a s  
d i c t a t e d  by s t r e n g t h  requirements  and end f i t t i n g  type.  

2- in .  (5.08 c m )  d ia rne ter , tube :  This  l i n e r  can be f a b r i c a t e d  
by e i t h e r  s t r a i g h t  seam r e s i s t a n c e  or  f u s i o n  welding, by s o l i d -  
s t a t e  bonding, o r  by t h e  method descr ibed  i n  f i g ,  22 ( h e l i c a l  
welding) .  The h e l i c a l l y  welded s t r i p s  have t h e  g r e a t e s t  advantage 
from a s t r u c t u r a l  s t andpo in t  and t h e  poores t  from a c o s t  and leak- 
age s t andpo in t .  The s o l i d - s t a t e  bond concept  would a l s o  be s t r u c -  
t u r a l l y  s u p e r i o r ,  The s t r a i g h t  seam f u s i o n  w e l d  would have t h e  
b e s t  leakage c h a r a c t e r i s t i c s  and d e f i n i t e l y  would have a cost ad- 
vantage.  Both of t h e  f u s i o n  welded concepts  could be redrawn t o  
a t t a i n  t h i n n e r  walls and f o r  co ld  working purposes .  

A l l  of  t h e  end f i t t i n g  a t t a c h i n g  concepts  apply  t o  t h i s  s i z e  
tub ing  because threaded and f langed type  end f i t t i n g s  are common 
i n  t h i s  s i z e .  

The u l t i m a t e  tube,  from a s t r e n g t h  s t andpo in t ,  i s  a h e l i -  
c a l l y  welded Inconel  718 tube  redrawn t o  t h e  d e s i r e d  wal l  t h i c k -  
ness  wi th  f langed  or butt-welded end f i t t i n g s ,  and t h e  whole 
assembly h e a t  t r e a t e d  and age hardened. This  combination i s  
v e r y  expensive.  A t  t h e  o t h e r  end o f  t h e  c o s t  spectrum, bu t  s t i l l  
r e t a i n i n g  s t r u c t u r a l  i n t e g r i t y ,  i s  a 21-6-9 tube  s t r a i g h t  resis- 
t ance  seam welded a t t ached  t o  an  end f i t t i n g  as shown i n  f i g .  25 
or  f i g ,  28. 

5- in .  (12.7 cm) d iameter  tube :  Th i s  l i n e r  can be f a b r i c a t e d  
us ing  s t r a i g h t  seam r e s i s t a n c e  welding, f u s i o n  welding, o r  s o l i d -  
s t a t e  bonding. A 1 1  of  t h e  m a t e r i a l s  d i scussed  i n  t h e  materials 
s e c t i o n  can be used. I f  s t a i n l e s s  steel i s  f u s i o n  welded, t h e  l i n e r  
should be  annealed after welding; and i f  s t r u c t u r a l  requirements  
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war ran t ,  t h e  tube  could be redrawn. I f  Incone l  718 i s  f u s i o n  
welded, t h e  assembly should be h e a t  t r e a t e d  and age hardened 
a f t e r  a l l  welding i s  complete.  I f  a n  Incone l  718 l i n e r  is used, 
and t h e  end f i t t i n g  i s  s t a i n l e s s ,  t h e  at tachment  should be  made 
as shown i n  f i g .  26. A l l  t h e  o t h e r  a t t a c h i n g  concepts  shown can 
be  used when t h e  end f i t t i n g  and l i n e r  are s imilar  metals. 

End f i t t i n g  eva lua t ion .  - A series o f  screwed, f langed ,  and 
welded end f i t t i n g s  were i d e n t i f i e d  f o r  p o t e n t i a l  a p p l i c a t i o n  t o  .. 

cryogenic  tub ing  dur ing  t h i s  phase o f  t h e  program, 
are shown i n  f i g .  30. Before making t h e  f i n a l  j o i n t  s e l e c t i o n ,  
p re l imina ry  t e s t i n g  was conducted t o  determine leakage c h a r a c t e r -  
i s t ics  of  t h e  j o i n t s  when sub jec t ed  t o  p r e s s u r e  and temperature  
cyc l ing .  Retorque requi rements ,  bo th  l e v e l  and frequency, were 
determined i n  t h i s  tes t  program, Resu l t s  of t h e  p re l imina ry  
t e s t i n g  are d iscussed  on page 115. The f i n a l  j o i n t  s e l e c t i o n s ,  
shown i n  f i g .  31 were based on t h e  fo l lowing  f a c t o r s :  

These j o i n t s  

S u i t a b i l i t y  f o r  cryogenic  s e r v i c e ;  

Compat ib i l i ty  w i t h  hydrogen, oxygen, methane, FLOX, 
and f l u o r i n e  i n  t h e  gaseous o r  l i q u i d  s ta tes ;  

Leakage c h a r a c t e r i s t i c s  a t  cryogenic  temperature;  

Method of a t t a c h i n g  t h e  l i n e r  and g l a s s  wrap  t o  t h e  
j o i n t  ; 

The r e l i a b i l i t y  of  t h e  j o i n t  t o  provide  minimum leak-  
age du r ing  p res su re  and temperature  cyc l ing ;  

The t o t a l  weight of  t h e  j o i n t ;  and 

The t o t a l  c o s t  of  t h e  j o i n t .  

Overwrap f a b r i c a t i o n ,  - The des ign  a n a l y s i s  of t h e  f i b e r g l a s s  
overwrap f o r  t h e  tub ing  i n  t h i s  s tudy  i n d i c a t e s  t h a t  i t  should have 
s u f f i c i e n t  s t r e n g t h ,  s t i f f n e s s  and w a l l  t h i ckness  t o  c a r r y  a s h a r e  
o f  t h e  i n t e r n a l  p re s su re  loads  dur ing  o p e r a t i o n  (mainly hoop loads ) ,  
resist e x t e r n a l  handl ing  loads ,  and a t  t h e  same t i m e  e x h i b i t  t h e  
lowest p o s s i b l e  thermal c o n d u c t i v i t y  i n  t h e  axial  d i r e c t i o n ,  With 
t h e s e  c r i te r ia  i n  mind, t h e  fol lowing recommendations are  presented ,  

Reinforcement: Two commercially a v a i l a b l e  types  of  glass 
roving  were o r i g i n a l l y  cons idered;  S/HTS g l a s s ,  and hollow g l a s s ,  
T e s t s  on g l a s s  epoxy c y l i n d r i c a l  specimens i n d i c a t e d  s i g n i f i c a n t l y  
lower a x i a l  thermal  c o n d u c t i v i t y  i n  specimens wi th  no a x i a l l y  
o r i e n t e d  g l a s s  f i l amen t s .  It was a l s o  found t h a t  t h e  hollow 
g l a s s  f i l amen t s  d id  not  o f f e r  a s i g n i f i c a n t  r educ t ion  i n  thermal  
c o n d u c t i v i t y  ( see  r e s u l t s  o f  Thermal Conduct iv i ty  T e s t  - Hollow 
Glass F i b e r s  on page 114 >. 
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To produce a n  overwrap w i t h  maximum s t r e n g t h  and s t i f f n e s s ,  
and minimum w a l l  t h i ckness  and conduc t iv i ty ,  it i s  recommended t h a t  
20 end S/HTS g l a s s  roving  be used,  and t h a t  t h e  wrap o r i e n t a t i o n  
be most ly  c i r c u m f e r e n t i a l ,  A s m a l l  amount o f  l o n g i t u d i n a l  g l a s s  
re inforcement  w i l l  add t o  t h e  o v e r a l l  s t r e n g t h  and r e s i s t a n c e  t o  
v i b r a t i o n  wi thout  adding a seve re  t h e r n a l  pena l ty .  A d d i t i o n a l l y ,  
t h e  l o n g i t u d i n a l  g l a s s  w i l l  b r ing  t h e  thermal  expansion and con- 
t r a c t i o n  of  t h e  ma t r ix  system t o  a va lue  n e a r  t h a t  o f  t h e  l i n e r ,  
f o r c i n g  t h e  f a i l u r e  mode of  t h e  tube  i n t o  t h e  l i n e r  t o  f i t t i n g  j o i n t .  

Resin mat r ix :  S e v e r a l  r e s i n  systems were cons idered  f o r  t h e  
ma t r ix  f o r  t h e  g l a s s  wrap (NASA LeRC c ry0  r e s i n  no, 2 ,  58-68R, 
EPON 828/mPDA, ERLA5617/mPDA, and Adiprene L-100). Genera l ly ,  t h e  
most s eve re  loads  a r e  imposed on t h e  r e s i n  ma t r ix  from handl ing  a t  
room tempera tureo  There fo re ,  good mechanical p r o p e r t i e s  a t  room 
temperature  a r e  d e s i r e d  and t h e  r e s i n  must a l s o  perform reasonably  
w e l l  a t  c ryogenic  temperatures. I n  a d d i t i o n ,  f a b r i c a t i o n  w i t h  pre-  
impregnated m a t e r i a l  (prepreg) r a t h e r  than  w e t  winding i s  d e s i r a b l e  
because c l o s e r  process  c o n t r o l  ( ioe . ,  r e s i n  c o n t e n t ,  p r e f a b r i c a t i o n  
q u a l i t y  c o n t r o l )  can be a t t a i n e d .  The preimpregnat ion a l s o  a l lows  
u n i d i r e c t i o n a l  l a y e r s  of  a x i a l l y  o r i en ted  roving  t o  be e a s i l y  
incorpora ted  i n t o  t h e  wrap, Resins  from which prepregs a r e  made 
must have a reasonable  s h e l f  l i f e  i n  t h i s  ca t a lyzed  s t a t e  ( p r e f e r a b l y  
i n  excess  o f  2 weeks), 

Both t h e  NASA c ry0  r e s i n  no, 2 and Adiprene L-100 a r e  promising 
f o r  cryogenic  service,  but t h e i r  low moduli provide poor p r o t e c t i o n  
from rough handl ing  a t  room temperature .  
has good room temperature  p r o p e r t i e s  and can  be cured a t  212'F (373OK) 
but  has  a s h o r t  s h e l f  l i f e  a s  a prepreg,  The ERLA 5617 mPDA 
system has s u p e r i o r  room tempera ture  p r o p e r t i e s  , can be adequa te ly  
cured a t  300°F (422OK) and has  a reasonable  s h e l f  l i f e  i n  prepreg  
form, 

The EPON 828/mPDA system 

The system considered t o  b e s t  s a t i s f y  t h e  r e s i n  ma t r ix  c r i t e r i a  
i s  58-68R. This  system e x h i b i t s  good room temperature  p r o p e r t i e s ,  
performs reasonably  w e l l  a t  cryogenic  tempera tures ,  has  8 good ghe l f  
l i f e  i n  prepreg  form, and can be adequate ly  cured a t  300 F (422 K ) ,  

F a b r i c a t i o n  parameters :  Assuming 20 end S/HTS g l a s s  roving i s  
t o  be used i n  prepreg form (with 58-68R r e s i n  ma t r ix ) ,  t h e  fo l lowing  
f a b r i c a t i o n  parameters  a r e  recommended: 

1) 

2)  I n t e r n a l  p r e s s u r e  o r  a s o l i d  mandrel should be used 

Resin con ten t  of t h e  prepreg  should be 25 + 3%; - 

dur ing  winding and cu re  fo r  t h e  l i n e r  suppor t ,  except  
when us ing  a v e r y  low wrap t e n s i o n ;  
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3) The wrap t e n s i o n  should be 8 pounds 1- 2 l b  (35.6 + 9 N)  
pe r  20 ends for t h e  h i g h e s t  q u a l i t y  Gf overwrap b z t  may 
be as low as 2 + 1 /2  Lb (8.9 I- 2 N)  pe r  20 ends i n  t h e  
even t  no i n t e r n a l  mandrel o r  p r e s s u r e  i s  used; and 

The c u r e  schedule  s h o u l i  be 2 $r a t  150°F (339'K) 
followed by 4 h r  a t  300 F (422 K ) .  

4 )  

Test Specimen Design 

Based on t h e  preceeding ana lyses ,  t h e  t e s t  specimens were 
designed.  I n i t i a l l y ,  proposed des igns  were submitted t o  the 
NASA LeRC P r o j e c t  Manager and approved, t h e n  s l i g h t  modi f ica t ions  
were found necessary du r ing  t h e  a c t u a l  d e t a i l e d  d e s i g n  e f f o r t .  
T e s t  specimen c o n f i g u r a t i o n s  were f i n a l i z e d  and approved p r i o r  
t o  s t a r t  of f a b r i c a t i o n .  The f i n a l  des ign  c o n f i g u r a t i o n s  are 
shown i n  f i g .  31. 

Modif icat ions made to  t h e  CFL6300612 and c a n c e l l a t i o n  of 
t h e  CFL6300616 are noted on f i g .  31. I n  a d d i t i o n ,  t h e  CFL6300615 
was modified by t h e  i n s e r t i o n  of  a doubler  between t h e  f l a n g e  
i n t e r n a l  diameter  and t h e  l i n e r .  The doub le r  w a s  r equ i r ed  t o  
s t r e n g t h e n  t h e  area because ax ia l  s t r a i n  allowed t h e  f l a n g e  t o  
separate from t h e  g l a s s ,  l eav ing  t h e  l i n e r  t o  t a k e  a l l  hoop loads  
i n  a small area. 

Design of t h e  T e s t  F i x t u r e s  

Test f i x t u r e s  f o r  p r e s s u r i z i n g ,  c y c l e  t e s t i n g ,  t o r s i o n  tes t -  
ing ,  thermal t e s t i n g ,  and l e a k  checking t h e  tubes and j o i n t s  were 
designed,  The tes t  f i x t u r e s  were capable  of handl ing o i l  or water, 
l i q u i d  n i t rogen ,  and l i q u i d  hydrogen for p r e s s u r i z a t i o n  and co ld  
helium o r  l i q u i d  hydrogen for  leak checking. Schematics and de- 
s c r i p t i o n s  o f  each tes t  f i x t u r e  are included under t h e  Task I11 
s e c t i o n  a p p l i c a b l e  t o  t h e  s p e c i f i c  t es t  be ing  performed. 

Designs f o r  t h e  tes t  f i x t u r e s  were submit ted t o  t h e  NASA LeRC 
P r o j e c t  Manager t o  review and approval  a t  completion of  t h e  Task I 
e f f o r t  . 
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TASK 11. - FABRICATION OF TEST SPECIMENS AND HARDWARE 

A t  t h e  conclus ion  of  t h e  Task I a n a l y s i s  and des ign  e f f o r t ,  
t h e  t a s k  of f a b r i c a t i n g  some 140 tes t  items was undertaken.  This  
f a b r i c a t i o n  e f f o r t  cons i s t ed  o f  t h e  fo l lowing  prime func t ions :  

1 )  Liner  f a b r i c a t i o n ;  

2 )  F i t t i n g  f a b r i c a t i o n ;  

3 )  Jo in ing  t h e  l i n e r s  and f i t t i n g s ;  

4 )  Mounting t h e  s t r a i n  gages;  

5 )  Overwrapping and cu r ing  t h e  assembly; 

6 )  Welding t h e  end f i t t i n g s ;  and 

7 )  Performing t h e  v a r i o u s  l eak  checks,  

The m a t e r i a l s  manufacturing processes ,  and welding techniques  
t h a t  can be used t o  produce t h i n  metal l i n e r s ;  a long  wi th  f i t t i n g  
f a b r i c a t i o n  and methods of a t t a c h i n g  t h e  f i t t i n g s  t o  t h e  l i n e r s ,  
have been p rev ious ly  d iscussed  i n  t h e  F a b r i c a t i o n  Analysis  s e c t i o n  
of Task I. The problems encountered w i t h  t h e s e  processes ,  dur ing  
f a b r i c a t i o n  of t h e  t e s t  specimens, are d i scussed  i n  t h e  fol lowing 
paragraphs.  This  d i s c u s s i o n  i s  followed by a d e s c r i p t i o n  of  t h e  
s t e p  by s t e p  procedure followed i n  t h e  f a b r i c a t i o n  of each t e s t  
specimen conf igu ra t ion .  A f low c h a r t ,  which i s  n e c e s s a r i l y  gen- 
e r a l i z e d ,  may h e l p  t o  o r i e n t  t h e  r eade r  ( f i g u r e  3 2 ) .  
t o  a d i s c u s s i o n  of t h e  t es t  i t e m  f a b r i c a t i o n ,  t h e  test f i x t u r e  
f a b r i c a t i o n  is  b r i e f l y  d iscussed .  

I n  a d d i t i o n  

Source Evalua t ion  and S e l e c t i o n  

A series o f  vendor eva lua t ions  were performed concurren t  w i th  
Task I wi th  t h e  goa l  t o  se lec t  s e v e r a l  compet i t ive  sources  and 
s e v e r a l  compet i t ive  techniques .  Sources were se lec ted  i n  t h e  areas 
of  l i n e r  f a b r i c a t i o n ,  f i t t i n g  f a b r i c a t i o n ,  j o i n i n g  t h e  l i n e r s  t o  
t h e  f i t t i n g s ,  h e a t  t r ea tmen t ,  s t r a i n  gage mounting, overwrapping 
t h e  tubes ,  and l eak  checking t h e  tubes .  Vendors or sources  were 
s e l e c t e d  on the b a s i s  of  t e c h n i c a l  i deas ,  schedule ,  c o s t ,  manage- 
ment, q u a l i t y  c o n t r o l ,  and experience.  
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The fol lowing sources  cooperated w i t h  NASA and MMC du r ing  t h e  
performance of  t h i s  program: 

1) Alloy Spotwelders,  Los Angeles, C a l i f o r n i a ;  

2 )  Metal Bellows Corp., Chatsworth,  C a l i f o r n i a ;  

3 )  Gardner Bellows Corp., Van Nuys, C a l i f o r n i a ;  

4 )  BV Machine Company Inc . ,  Denver, Colorado; and 

5 )  D r .  J. D. Mote, M r .  Jack  Snyder, MMC Ordnance 
Laboratory,  Denver, Colorado, 

Liner  F a b r i c a t i o n  

Four d i f f e r e n t  methods of  l i n e r  f a b r i c a t i o n  were eva lua ted  
dur ing  t h e  program. Each of t h e s e  methods has  a p p l i c a t i o n  and 
each has  advantages and d isadvantages ,  The fou r  methods e v a l -  
uated were seamless ,  r e s i s t a n c e  w e l d e d ,  f u s i o n  w e l d e d  from t h e  
f i n a l  th ickness  s t o c k ,  and f u s i o n  w e l d e d  followed by redrawing 
t o  t h e  f i n a l  t h i ckness .  

Seamless drawn tube. - Small  diameter tubes ,  l e s s  than  1 i n .  
(2 .54  cm), a r e  d i f f i c u l t  t o  f a b r i c a t e  by any of t h e  seam welding 
techniques  prev ious ly  d i scussed .  However, seamless  tub ing  of t h e  
d e s i r e d  diameter and w a l l  t h i ckness  i s  commercially a v a i l a b l e  and 
can be provided us ing  any of  t h e  materials d iscussed  i n  t h e  material 
s e l e c t i o n  s e c t i o n ,  The l/Z i n ,  (1 .27  cm) diameter  Inconel  718 and 
s t a i n l e s s  s t e e l  l i n e r s  were f a b r i c a t e d  by t h i s  method wi th  no 
process  problems. 

Res is tance  w e l d e d  l i n e r .  - This  technique f o r  tube  f a b r i -  
c a t i o n  requi red  t h e  tube  t o  be r o l l  formed t o  t h e  des i r ed  d i a m e t e r  
w i th  a s l i g h t  ove r l ap  a t  t h e  mating su r face .  
i n  t h e  tube  and a r e s i s t a n c e  weld w a s  run  down t h e  length  of  t he  
tube.  The excess  over lap  on bo th  t h e  i n s i d e  and o u t s i d e  of t h e  
tube  w a s  t hen  p e e l e d  away from t h e  w e l d  on many of t h e  tubes .  
The ove r l ap  was purposely l e f t  on s e v e r a l  tubes  t o  determine any 
s t r u c t u r a l  d i f f e r e n c e s ,  none of  which were found. F igure  33 d e -  
p i c t s  bo th  t h e  p e e l e d  and t h e  unpeeled methods. Note t h a t  even on 
t h e  unpeeled l i n e r s  t h e  ove r l ap  i s  removed i n  t h e  a r e a  of  t h e  f i t -  
t i n g  weld. Because t h e  f a b r i c a t o r  can t e l l  much about h i s  weld 
i n t e g r i t y  by pee l ing  away t h e  over lap ,  and because no s t r u c t u r a l  
deg rada t ion  r e s u l t s ,  a l l  f u t u r e  work should r eques t  pee l ing  t h e  
ove r l ap  on both  t h e  i n s i d e  and o u t s i d e  s u r f a c e s .  

An anode was placed 
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Fig .  33 .  - Peeled and Unpeeled Res i s t ance  Welded L i n e r s  

'This weld can be made l eak  f r e e  c o n s i s t e n t l y  i n  1 i n .  (2.54 
cm) and l a r g e r  diameter tubes .  Also, t h i s  t ype  of weld has  a 
minimal h e a t  a f f e c t e d  zone t h a t  can be ignored from a s t r u c t u r a l  
s t a n d p o i n t ,  

l i n e r s  and was r epor t ed  a s  a new technology d i s c l o s u r e  (9;) under 
t h i s  c o n t r a c t  . 

Res i s t ance  welding i s  an  inexpensive method o f  f a b r i c a t i n g  

(7k) 
MMC New Technology Disc losu re  112 da t ed  14 January 1970. 
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Fusion welded - f i n a l  t h i ckness  s tock.  - The most common p r a c t i c e  
i n  f a b r i c a t i n g  t h i n  w a l l  tubes  l a r g e r  t han  1- in .  (2.54 c m )  diameter i s  
t o  r o l l  a tube t o  the  d e s i r e d  diameter ,  prepare t h e  b u t t i n g  edges as 
shown i n  f i g ,  21  and f u s i o n  weld a seam t h e  l eng th  of t h e  tube.  Be-  
cause of h i g h l y  developed welding techniques t h i s  weld can c o n s i s t e n t l y  
be made l eak  f r e e .  Also,  by p l en i sh ing  and p o l i s h i n g  t h e  weld, t h e  
weld area w i l l  conform t o  o v e r a l l  tube s i z e  (no weld bui ldup i n s i d e  o r  
o u t s i d e  t h e  t u b e ) ,  This welding process can be used c o n s i s t e n t l y  wi th  
metal  t h i cknesses  down t o  0.002 i n .  (0.005 cm), 

The main disadvantage of t h i s  technique i s  t h e  r e l a t i v e l y  l a r g e  
h e a t  a f f e c t e d  zone i n  t h e  weld a r e a .  The l i n e r  can be h e a t  t r e a t e d  
a f t e r  welding and p l en i sh ing ,  bu t  welding of t h e  l i n e r  t o  end f i t t i n g s  
w i l l  once aga in  anneal  t h e  m a t e r i a l ,  Heat t r ea tmen t  of t h e  f i n a l  
assembly without  s eve re  warpage w i l l  be d i f f i c u l t , ,  

Fusion welded - redrawn. - A s  mentioned above, t he  most common 
p r a c t i c e  i n  f a b r i c a t i n g  t h i n  w a l l  tubes  l a r g e r  t han  1-in.  (2.54 cm) 
diameter i s  t o  r o l l  a tube t o  t h e  d e s i r e d  diameter ,  prepare t h e  b u t t i n g  
edges and f u s i o n  weld a seam t h e  length of t h e  tube.  The l a r g e  areas 
of t h e  tube t h a t  are annealed (hea t  a f f e c t e d  zone) by t h e  welding 
process  have a ve ry  d i f f e r e n t  s t r u c t u r a l  c h a r a c t e r  t han  t h e  pa ren t  
metal .  Therefore ,  t h e  tube w i l l  no t  r e a c t  as a homogeneous member 
under hoop s t r e s s ,  and the  combined hoop s t r e s s  c h a r a c t e r i s t i c s  a r e  
e i t h e r  undes i r ab le  o r  unpred ic t ab le .  
which i s  not  h e a t  t r e a t a b l e ,  may be cold worked t o  r e s t o r e  h igh  
s t r e n g t h .  To cold work t h e  tube,  it can be redrawn over a mandrel as 
wi th  convent ional  seamless tubing.  This w i l l  reduce t h e  w a l l  t h i ckness  
t o  t h a t  d e s i r e d ,  r e t u r n  t h e  tube t o  a homogeneous s t a t u s ,  and s t r e n g t h e n  
the  e n t i r e  tube,  Inconel  718 l i n e r s  can be cold worked by t h e  same 
process  t o  r e s t o r e  high s t r e n g t h  a f t e r  seam welding, P l en i sh ing  of 
t h e s e  l i n e r s  a f t e r  weld i s  unnecessary because redrawing accomplishes 
t h e  same g o a l s .  Fig.  34 d e p i c t s  a redrawn l i n e r ,  

A u s t e n i t i c  s t a i n l e s s  s t e e l ,  

9 

Fig. 34, - H e l i c a l l y  Welded Redrawn Liner  

H e l i c a l l y  wrapped tubes.  - This- technique f o r  forming l i n e r s  r e q u i r e s  
wrapping a 2 t o  3-in. (5.08 t o  7.62 cm) s t r i p  of metal around a mandrel 
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i n  t h e  form of a h e l i x  and f u s i o n  welding t h e  edges,  This  i s  shown i n  
f i g .  22 where t h e  b u t t i n g  edges are prepared as shown i n  f i g ,  21. This  
method of f a b r i c a t i n g  tubes has d e s i r a b l e  s t r u c t u r a l  p r o p e r t i e s  from 
hoop stress and forming a s p e c t s .  
po l i shed  o r  redrawn, 

This  weld can a l s o  be plenished and 

An advantage t o  t h i s  type of c o n s t r u c t i o n  w i l l  be r e a l i z e d  when 
l a r g e  diameter tubes are r equ i r ed .  Raw s t o c k  i n  widths l a r g e r  t han  
12 i n .  (30.5 cm) i s  not  commercially a v a i l a b l e ,  Therefore  tubes 
g r e a t e r  t han  3.5 i n .  (8.9 cm) i n  diameter would r e q u i r e  more than  one 
l o n g i t u d i n a l  weld, 

Heat Treatment 

The Inconel  718 used f o r  l i n e r  f a b r i c a t i o n  w a s  h e a t  t r e a t e d  and 
age hardened on some tes t  specimen conf igu ra t ions .  This h e a t  t reat-  
ment was accomplished i n  accordance wi th  t h e  following procedure: 

Wrap t h e  l i n e r  i n  0,001 i n .  (0.0025 cm) t h i c k  tantalum 
f o i l  i f  necessary t o  e l i m i n a t e  o x i d a t i o n  or  d i s c o l o r a t i o n  
a s soc ia t ed  wi th  h e a t  t r ea tmen t  i n  o t h e r  than a vacuum 
[0.001 i n .  (0,0025 cm) t h i c k  s t a i n l e s s  s t e e l  f o i l  may 
be s u b s t i t u t e d ] ;  

Heat t o  1750 - 3. 25'F (1230 - + 14'K) f o r  1 h r  t hen  argon 

quench t o  200°F (367'K) max, a t  a minimum rate  of 30 F 

/min. ( 1G0K/min. ) ; 

Age a t  1400 - 3. 15'F (1033 + - 8'K) f o r  5 h r  then cool  t o  

1175 - 3. 25'F (909 - 3. M°K) and hold u n t i l  t o t a l  aging 

time i s  8 h r .  

0 

F i t t i n g  Fabr i ca t ion  

The requirements of t h e  program d i c t a t e d  t h a t  a minimum of two 
types of end f i t t i n g s  be used on t h e  t es t  specimens, one t o  provide 
a weldable j o i n t  and t h e  o t h e r  t o  provide a mechanically d i sconnec tab le  
j o i n t  e 

The va r ious  s t e p s  i n  f i t t i n g  f a b r i c a t i o n  a r e  discussed i n  t h i s  
s e c t i o n .  Af t e r  forming and machining o r  f l a r i n g ,  t he  f i t t i n g s  were 
jo ined  t o  t h e  l i n e r s .  The 2 i n .  (5.08 cm) and 5 i n .  (12.7 cm) d i a -  
meter tubes were p re s su r i zed  f o r  a leak check p r i o r  t o  overwrap, du r ing  
overwrap and cure,  and aga in  f o r  a l eak  check a f t e r  f a b r i c a t i o n  was 
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completed. 
p re s su r i zed  a s  a u n i t .  
such a s  f l a r e d  f i t t i n g s  o r  s e a l i n g  f l anges ,  t h i s  was done by s imply 
provid ing  t h e  mating h a l f  of t h e  f i t t i n g  w i t h  a n  a d a p t e r  a p p r o p r i a t e  
f o r  f i n a l  t e s t i n g .  Fo r  specimens t h a t  had but tweld j o i n t s  t h e  j o i n t  
was f a b r i c a t e d  t o  inc lude  the a p p r o p r i a t e  adapter .  A bu t tweld  type 
groove was t h e n  machined i n t o  each  end f i t t i n g - a d a p t e r  combination a t  
a l o c a t i o n  which corresponded t o  where ano the r  tube  would be  welded 
du r ing  a system assembly. 

Th i s  requi red  t h a t  each  l iner have t h e  c a p a b i l i t y  o f  being 
For  the l i n e r s  which used d i sconnec tab le  j o i n t s  

To demonstrate  t h e  w e l d a b i l i t y  of t h i s  t y p e  of  j o i n t ,  t h i s  groove 
was f i l l e d  us ing  normal welding techniques  a f t e r  o t h e r  f a b r i c a t i o n  was 
completed. Heat i npu t  i n t o  t h e  composite was c o n t r o l l e d  by t h e  use  of 
h e a t  s i n k s  and c o n t r o l l e d  welding r a t e s ,  I n  most c a s e s  a s i n g l e  bu t t -  
weld pass  was adequate  because t h e  machined groove was n o t  e x c e s s i v e l y  
deep. T h i s  groove i s  c l e a r l y  v i s i b l e  i n  f i g ,  33. A c h i l l  r i n g  used 
dur ing  t h e  welding is shown in  f i g .  35 and weld speed was c o n t r o l l e d  
so a s  t o  l i m i t  t h e  g l a s s - f i b e r  tempera ture  t o  a maximum of 250°F (394OK). 

F i g .  35.- C h i l l  Ring 

For  t h e  1/2 i n .  (1.27 c m )  tubes  w i t h  t h e  b u t t  weld end f i t t i n g  conf igura-  
t i o n  t h e  a d a p t e r  was w e l d e d  i n  p l a c e  a f t e r  overwrapping, u s ing  t h e  above 
techniques .  

I n  product ion  work t h e s e  same o r  s i m i l a r  a d a p t e r s  would be added t o  
f a c i l i t a t e  f a b r i c a t i o n .  I n  t h e  c a s e  o f  t h e  but tweld j o i n t s  t h e  a d a p t e r s  
would be removed a f t e r  f a b r i c a t i o n  by machining a n  i d e n t i c a l  s t y l e  o f  
but tweld end c o n f i g u r a t i o n  a t  t h e  end of t h e  tube .  Fo r  t h i s  program 
two d i f f e r e n t  s i z e  a d a p t e r s  were used, A 1/4 i n .  (0.635 cm)  d iameter  
f l a r e d  tube  was used on t h e  b u r s t  t e s t  specimens and a 3 / 4  i n .  (1.90 cm)  
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diameter  f l a r e d  union was used on the c y c l e  test specimens (to provide  
inc reased  f low r a t e s  t o  t h e  specimen dur ing  cyc l ing) .  

Load T r a n s f e r  t o  t h e  Overwrap 

A method of  t r a n s f e r r i n g  t o r s i o n a l  loads  i n t o  t h e  overwrap was 
d e s i r e d .  The a p p l i c a t i o n  of a r e l e a s e  agen t  du r ing  overwrap requi red  
t h e  a d d i t i o n  o f  a s e p a r a t e  dev ice  t o  a f fec t :  t h i s  t r a n s f e r .  The addi -  
t i o n  of s m a l l  p i n s  o r i en ted  l o n g i t u d i n a l l y  underneath t h e  overwrap 
f a c i l i t a t e d  t h i s  t r a n s f e r .  The p ins  which were welded t o  or  i n s e r t e d  
i n t o  t h e  end f i t t i n g s  a r e  shown i n  f i g .  33. 

Both t o r s i o n a l  and l o n g i t u d i n a l  load t r a n s f e r  was d e s i r e d  on some 
tubes .  For  t h e s e  a p p l i c a t i o n s  t h e  p i n s  were rep laced  by a k n u r l  on 
each  end f i t t i n g ,  Release agent  was no t  app l i ed  i n  t h e  knurled a r e a  
s o  t h e  resin system would f i l l  t h e  v o i d s  and provide load t r a n s f e r  
through shear .  These load t r a n s f e r  methods a r e  apparent  i n  s e v e r a l  
f i g u r e s  throughout  t h i s  r e p o r t .  

Jo in ing  L ine r s  and End F i t t i n g s  

The l e a k  free j o i n i n g  o f  t h e  l i n e r s  t o  t h e  end f i t t i n g s  was one 
of the most d i f f i c u l t  a s p e c t s  of t h e  program. Three b a s i c  methods 
of  j o i n i n g  w e r e  employed i n c l u d i n g  f u s i o n  welding, r e s i s t a n c e  weld- 
ing ,  and s o l i d - s t a t e  bonding. 

Fusion welding.-  The concept  shown i n  f i g .  25, f o r  connec t ing  t h e  
l i ne r  t o  t h e  end f i t t i n g ,  was app l i ed  t o  f lange-type end f i t t i n g s .  
Th i s  method of at tachment ,  shown i n  f i g .  3 6 ,  can be c leaned  e a s i l y  and 
e l imina ted  any contaminant t r a p  a r e a s  from t h e  assembly, The concept 
does no t  use any f i l l e r  m a t e r i a l ,  and it depends on a n  even h e a t i n g  of 
a l l  j o i n t  components t o  o b t a i n  a r e l i a b l e  weld,  Fusion welding re- 
s u l t e d  i n  l eak - f r ee ,  h igh  s t r e n g t h ,  r e l i a b l e  w e l d s  and is recommended 
f o r  u se  i n  any  f u r t h e r  work. S i g n i f i c a n t l y ,  d i s s i m i l a r  materials 
such a s  Incone l  718 and s t a i n l e s s  steel  can  be jo ined  r e l i a b l y .  

Another f u s i o n  welding concept  ( f ig .  37)  wopld be  a p p l i c a b l e  
when a n  end f i t t i n g ,  e i t h e r  f l a n g e  o r  th readed  type ,  i s  f u s i o n  welded 
t o  t h e  l i n e r .  Th i s  method i s  used f r e q u e n t l y  by bellows manufacturers  
when a t t a c h i n g  bellows t o  end f i t t i n g s ,  T h i s  concept could  be e a s i l y  
app l i ed  when welding a g l a s s - f i b e r  tube  t o  ano the r  l i n e  wi thout  u s ing  
end f i t t i n g s .  One d isadvantage  a s s o c i a t e d  w i t h  t h i s  method is  t h a t  i t  
c r e a t e s  p o t e n t i a l  c l e a n i n g  problems. Another d i sadvantage  i s  t h e  l a c k  
o f  s t r e n g t h  of  t h e  weld. For  t h e  weld t o  be  s t r u c t u r a l l y  sound, b o t h  
members must be of s i m i l a r  h e a t  capac i ty .  In  a d d i t i o n ,  t h e  m a t e r i a l s  
should be  of equa l  s t r e n g t h  a s  t h e  j o i n t  s t r e n g t h  w i l l  be t h e  same a s  
t h e  weaker m a t e r i a l .  
a r e  of  t h e  same m a t e r i a l ,  and t h e  same th i ckness .  

The j o i n t  des ign  can be used when bo th  members 
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Fig .  36. - Fusion Welded Tube Assembly 

Groove Machined Within 
3X i n .  of F lange  Bu t t  

Fus ion  Weld 

Fig.  37.- Fusion Welding L ine r  t o  End F i t t i n g  
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Res i s t ance  welding.- The most s t r a i g h t f o r w a r d  approach t o  a t t a c h -  
i n g  e i t h e r  f l ange  o r  th readed  type  f i t t i n g s  t o  t h e  l i n e r  i s  shown in  
f i g .  38. This  approach c a l l s  f o r  r e s i s t a n c e  welding t h e  l i n e r  t o  a 
t h i n  p o r t i o n  of t h e  end f i t t i n g .  

Res i s  t ance  Weld 

May Exceed 3 Times Liner  Thickness 
When S t i t c h  Welded. 

F i g  38. -  Res i s t ance  Welding F i t t i n g  t o  L i n e r  Using S t i t c h  Welder 

Two d i f f e r e n t  methods of r e s i s t a n c e  welding were used dur ing  t h i s  
program. The f irst  method used a n  anode i n s i d e  t h e  tube  and r o t a t i n g  
cathode on t h e  o u t s i d e  o f  t h e  tube.  This  cathode was i n  cons t an t  
c o n t a c t  w i t h  t h e  tube  and c u r r e n t  w a s  app l i ed  a t  predetermined i n t e r v a l s .  
A tube  f a b r i c a t e d  by t h i s  method i s  shown i n  F ig .  39. The second method, 

-- 

a< 

Resistance Weld 

/ 

Fig .  39.- F i t t i n g  Res is tance  Welded t o  L ine r ,  
5 i n .  (12.7 c m )  Diameter Tube 

83 



commonly r e f e r r e d  t o  a s  s t i t c h  weldir.g, d i f f e r e d  on.ly i n  t h a t  t h e  cathode 
was brought i n t o  con tac t  w i t h  t h e  tube  momentarily f o r  each s p o t  weld. 
Using t h e  s t i t c h  welder ,  s u c c e s s f u l  welds were made when t h e  i n n e r  
m a t e r i a l  was many times t h i c k e r  t han  t h e  l iner .  
a s  Incone l  718 and s t a i n l e s s  s teel  a r e  r e l i a b l y  jo ined  w i t h  t h e s e  methods. 

D i s s imi l a r  meta ls  such  

The major advantages o f  r e s i s t a n c e  welding inc lude  r e l i a b i l i t y ,  
r e l a t i v e  l ack  of c o s t ,  and t h e  e l imina t ion  o f  a n  annealed hea t  a f f e c t e d  
zone. A d i sadvantage  o f  r e s i s t a n c e  welding i s  t h e  c l ean ing  problem 
i n  t h e  f l ange  t o  l i n e r  over lap  a r e a .  The c l ean ing  problem may preclude 
t h e  use  of  t h i s  s t y l e  i n  f l u o r i n e  o r  FLOX bu t  n o t  l i q u i d  oxygen, l i q u i d  
hydrogen, o r  methane. 

The s t i t c h  welding method was no t  p a r t i c u l a r l y  s u c c e s s f u l  on many 
of  t h e  1/2 i n .  (1.27 c m )  d iameter  tubes  because it was plagued by develop- 
ment problems and l eaks  - -  these problems were l a r g e l y  overcome on l a t e r  
tubes  by improved procedures and b e t t e r  q u a l i t y  c o n t r o l .  I n v e s t i g a -  
t i o n s  revea led  t h a t  c o n t r o l  of  t h e  s t i n g e r  c u r r e n t  and its t i p  s i z e  w i l l  
he lp  a l l e v i a t e  t h e s e  problems 

S o l i d  s t a t e  bonding.- A h i g h l y  d e s i r a b l e  method of j o i n i n g  t h e  
l i n e r  t o  t h e  end f i t t i n g s  uses  an  explos ive  o r  s o l i d - s t a t e  bonding 
technique.  Th i s  method of  j o i n i n g  the  two p a r t s  provides  a j o i n t  t h a t  
i s  i n  excess o f  100% of t h e  base m e t a l  s t r e n g t h  and a s  such f o r c e s  
t h e  f a i l u r e  t o  ano the r  l o c a t i o n .  The f e w  d isadvantages  such a s  leakage 
can probably be overcome w i t h  more development. The j o i n t  i s  low c o s t ,  
s t rong ,  e a s i l y  in spec tab le ,  and c leanable .  F igu re  29 d e p i c t s  t h e  s o l i d  
s t a t e  bond. 

Shipping Unfinished Tubes 

An a rea  t h a t  r equ i r ed  s p e c i a l  a t t e n t i o n  was t h e  sh ipping  of t h e  
unwrapped tubes  from Los Angeles t o  Denver, 
vendors  helped c o n t r o l  the problem, but  s e v e r a l  boxes were g r o s s l y  
mishandled i n  t r a n s i t ,  and t h e  l i n e r s  were buckled. F igure  36 shows 
r e p r e s e n t a t i v e  packaging techniques.  This  tube  and rod assembly was 
i n s t a l l e d  i n  a heavy cardboard box t h a t  was s l o t t e d  t o  accep t  t h e  
f l anges  and r e s t r a i n  t h e  tube  snugly.  Boxes t h a t  rece ived  proper  
handl ing,  were in a l l  c a s e s ,  adequate  and prevented damage. 

S p e c i a l  packaging by t h e  

Of importance t o  t h i s  concept,  t h e  damage, such a s  shown i n  f i g .  40 
d id  not a l t e r  t h e  b u r s t  p re s su re  o r  c y c l e  l i f e  o f  t h e  tubes .  I n  m o s t  
c a s e s ,  the i n t e r n a l  p re s su re  a s soc ia t ed  wi th  t h e  overwrapping o p e r a t i o n  
minimized t h e  d ings .  A s u b s t a n t i a l  f i nd ing ,  t h e r e f o r e ,  is t h e  l i n e r s  
do n o t  have t o  be completely f ree  of  s c r a t c h e s ,  dents ,  and d ings  t o  
p rope r ly  func t ion .  

With t h e  except ion  of  t h e  5 i n .  (12.7 c m )  d iameter  des ign  wi th  
heavy NASA f l a n g e s ,  a l l  tubes  could be s a f e l y  handled wi thout  i n t e r n a l  
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Fig .  40.- O i l  Can Ding, S e r i a l  Number 99 

p r e s s u r e  o r  o t h e r  p r o t e c t i v e  dev ices .  A s  a n  added p recau t ion  8 t o  

10 p s i g  (13.8 t o  15.2 N / c m  ) i n t e r n a l  p re s su re  was app l i ed  dur ing  most 
hand l i n g  ope ra t ions .  

2 

S t r a i n  Gage I n s t a l l a t i o n  

The primary in s t rumen ta t ion  f o r  t h e  tub ing  c o n s i s t e d  of b i a x i a l  
s t r a i n  measurements. 
s t r a i n  a t  o r  nea r  t h e  p o i n t s  of  f a i l u r e  -- t h i s  was no t  accomplished. 
A f t e r  t h e  test program began, a review of  t h e  s t r a i n  gage da ta  . i nd i -  
c a t e d  the d e s i r a b i l i t y  t o  l o c a t e  a l l  gages on a s p e c i f i c  tube  des ign  
a t  t h e  same l o c a t i o n ;  t h a t  i s ,  i f  t h e  a x i a l  gage i s  always 6.0 i n .  
(15.24 cm)  from t h e  end, the d a t a  should be a b l e  t o  be c o r r e l a t e d ,  
The d i f f e r e n t  des igns  have d i f f e r e n t  f r i c t i o n  f a c t o r s  between t h e  
overwrap and t h e  l i n e r  and, t h e r e f o r e ,  s e v e r a l  gages would have been 
requi red  on any one tube  t o  p l o t  t h e  movement of the liner ( s t r a i n )  
w i th  r e s p e c t  t o  d i s t a n c e  from the end. 

It was planned t o  be a b l e  t o  determine t h e  

To a r r i v e  a t  t h e  l o c a t i o n  c r i t e r i a ,  Mar t in  Mar i e t t a  reviewed 
what was d e s i r e d  from s t r a i n  ins t rumenta t ion .  The fo l lowing  i s  a l i s t  
o f  d e s i r a b l e  knowledge : 

1) 

2) I f  poss ib l e ,  l o c a t e  the s t r a i n  gage a t  t h e  f a i l u r e  

Determine t h e  gap between t h e  l i n e r  and overwrap 
a t  cryogenic  temperature;  

po in t  and no t  a f f e c t  t h e  f a i l u r e ;  
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Determine whether the gap c losed  b e f o r e  p l a s t i c  
deformation of the l i n e r  occured; 

Determine that the l i n e r  d i d  n o t  exceed the y i e l d  
stress below working p res su re ;  

Determine t h e  modulus of  e l a s t i c i t y  of  t h e  composite 
tube  ( l i n e r  and overwrap) ; 

Determine t h e  load t h a t  i s  t r a n s f e r r e d  t o  the g l a s s  
i n  the axial  d i r e c t i o n ;  and 

Ver i fy  the cons i s t ency  of  a design.  

S t r a i n  gages loca ted  180' from t h e  l o n g i t u d i n a l  weld and n e a r l y  
centered  between t h e  end f i t t i n g s  s a t i s f i e d  a maximum number o f  t h e s e  
goa Is. 

Except f o r  a f e w  pro to type  tubes ,  one hoop and one a x i a l  s t r a i n  
gage,  o r  a r o s e t t e  con ta in ing  both ,  were app l i ed  t o  the o u t s i d e  of 
t h e  l iner ,  The s t r a i n  gage wires were a t t ached  t o  a t e rmina l  board 
and small l ead  w i r e s  were mated t o  t h e  t e rmina l  board,  a s  shown i n  
f i g .  41, and fed  through the over wrap a t  a l a t e r  t i m e .  

2 i n .  (5.08 c m )  Dia 

Fig.  41.- S t r a i n  Gage I n s t a l l a t i o n  

On some pro to type  tubes ,  s t r a i n  gages were mounted i n s i d e  t h e  
l iner  t o  o b t a i n  compressive loads i n  t h e  l iner  c rea t ed  by t h e  overwrap- 
ping process .  These s t r a i n  gagks were f o r  room temperature  use  on ly  
and t h e  Eastman 910 adhes ive  was cured wi thout  any e l eva ted  tempera- 
t u r e .  The gages became i n o p e r a t i v e  dur ing  t h e  overwrap and cu re  cyc le ,  
bu t  had served the purpose intended.  
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On some pro to type  tubes  s t r a i n  gages w e r e  a l s o  mounted o u t s i d e  
t h e  g l a s s - f i b e r  system. These gages were used t o  v e r i f y  t h e  gap 
between t h e  l iner  and overwrap a t  cryogenic  tempera tures .  They were 
a l s o  t o  be used t o  determine t h e  load-sharing between t h e  l iner and 
the overwrap. A s  a n t i c i p a t e d  many of these became inope ra t ive  dur ing  
cooldown o r  p r e s s u r i z a t i o n  of t h e  tube.  
overwrap were n o t  planned t o  be used a s  prime da ta  because. o f  i n -  
accu rac i e s  o r  f a i l u r e s  a s s o c i a t e d  wi th  the r e s i n  system craz ing .  

S t r a i n  gages mounted on the 

D i f f e r e n t  s t r a i n  gages were used f o r  t h e  ambient and t h e  cryogenic  
tubes  f o r  t h e  prime reason t h a t  r o s e t t e s  were e a s i l y  procured f o r  
ambient temperature  a p p l i c a t i o n  while only  s i n g l e  s t r a i n  gages were 
r e a d i l y  a v a i l a b l e  f o r  cryogenic  service. S t r a i n  gage i n s t a l l a t i o n  
c r i t e r i a  i s  shown in  t a b l e  17. 

Sometime be fo re  i n s t a l l i n g  t h e  gages on a tube ,  t h e  tube  was 
cleaned wi th  a c i d ,  a water  r i n s e ,  and f lushed  w i t h  freon.  Immediately 
be fo re  bonding t h e  gages t o  t h e  l i n e r ,  t h e  meta l  was thoroughly r insed  
w i t h  methyl e t h y l  ketone ( M I X ) .  
(15.2 N/cm)  dur ing  t h e  s t r a i n  gage i n s t a l l a t i o n  and cu r ing  t o  prevent  
l o c a l i z e d  buckl ing.  
of Tef lon ,  followed by a rubber  pad l a i d  on t o p  of t h e  s t r a i n  gage 
a r e a ,  and then t i g h t l y  wrapped w i t h  adhesive backed aluminum tape .  
A f t e r  t h e  gage was cured t h e  excess adhesive was removed by sc rap ing  
o r  sanding,  and t h e  e n t i r e  a rea  was smoothed out  t o  minimize t h e  stress 
riser. A s t r a i n  gage c o n t i n u i t y  check was performed a t  t h i s  s t a g e  of  
t h e  f a b r i c a t i o n  process  and a g a i n  a f t e r  t h e  overwrap ope ra t ion  was 
completed w i t h  a t h i r d  and f i n a l  c o n t i n u i t y  v e r i f i c a t i o n  j u s t  before  
tes t .  

The tube  was p re s su r i zed  t o  10 ps ig  

The s t r a i n  gages were covered w i t h  a t h i n  shee t  

A f t e r  t h e  overwrap cyc le  was complete,  t h e  bu r s t  specimens were 
equipped wi th  longer  wires and connectors .  The c y c l e  test items 
were assembled i n t o  t h e  test f i x t u r e  without  connectors .  
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TABLE 17. - STRAIN GAGE INSTALLATION CRITERIA 

I 

Ambi e n t  
Serv ice  
I n s i d e  Liner  

Ambient 
Serv ice  
Outside Liner  

I 
Ambient 
Serv ice  
Outside Glass 

I 
Cryogenic 
Serv ice  
Ins ide  Liner  

I 
Cryogenic 
Serv ice  
Outside Liner  

Cryogenic 
Service 
Outside Glass 

I 

Gag e 

Adhesive 
Cur e 

Temp. RangeIAdhesive 

Gage 

Adhesive 

Cur e 

Temp. Range/Adhesive 

Gage 
Adhesive 
Cur e 

Temp, Range/Adhesive 

Gag e 

Ad he s i v e  
Cur e 

Temp. Range/Adhesive 

Gag e 

Adhesive 

Cure 

Temp. Range/Adhesive 

Gage 
Ad he s i v e  

Cure 

Temp. Range /Ad he s i v e  

Automation I n d u s t r i e s  69-125-FGT 
Ros e t  t e 
Eastman 910 
Ins tan taneous  w i t h  Pressure  

-10O0F t o  +150°F (200'K t o  339'K) 

+180 F i s  max. (355OK) ' 
0 

Automation I n d u s t r i e s  C9-125-R2T 
Rose t te  
Automation I n d u s t r i e s  GA-5 

165'F (347'K) for  4 hours  
(slow r i s e  r a t e )  

-425OF t o  +275'F (19'K t o  408'K) 

BLH Type C-8 
Eastman 910 
Ins tan taneous  wi th  Pressure  

- lOO°F t o  +150°F (200°K t o  339'K) 

Automation I n d u s t r i e s  
S74 l-R2T-300 Rose t te  
Eastman 910 
Ins tan taneous  wi th  Pressure  

-lOO°F t o  +150°F (200K t o  339'K) 

+180°F i s  fnax. (355'K) 

Automation I n d u s t r i e s  
S-741 2 a t  Right Angle 
Automation I n d u s t r i e s  GA-5 

165'F (347'K) f o r  4 hours 
(slow r i s e  ra te)  

-425'F t o  +200°F (19'K t o  367'K) 

300°F pe rmis s ib l e  

(422'K) 

BLH DLB-MK35-4A-Sl3 
Automation I n d u s t r i e s  GA-5 

165'F f o r  4 hours  
(slow r i s e  r a t e )  

-425'F t o  +275'F (19OK t o  408'K) 
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Overwrapping and Curing 

A f t e r  t h e  s t r a i n  gages were mounted and cured, t h e  tubes  
were overwrapped w i t h  a system c o n s i s t i n g  of g l a s s - f i b e r s  and 
a cryogenic  r e s i n  system. 
e l e v a t e d  temperatures  t o  c u r e  t h e  overwrap. 

This  system was then  sub jec t ed  t o  

G l a s s - f i b e r  and r e s i n  system, .. The g l a s s  f i b e r  systems 
s e l e c t e d  f o r  u s e  on t h i s  program c o n s i s t e d  of S-HTS g l a s s  f o r  
t h e  hoop and e a r l y  l o n g i t u d i n a l  wrappings and E-HTS g l a s s  f o r  

t h e  l o n g i t u d i n a l  wrappings when 
t h e  10 t o  1 p r e f a b r i c a t e d  m a t  
was used. 
2 0  end roving and was preim- 
pregnated w i t h  a cryogenic  
r e s i n  matr ix ,  58-68R. The 
r q s i n  c o n t e n t  was c o n t r o l l e d  
t o  between 20  and 25%. P rep reg  
ba tches  were l a r g e  enough t o  
overwrap t h w e  o r  four  l a r g e  d i a -  
meter tubes .  A maximum a l lowab le  
s h e l f  l i f e ,  i8 a r e f r i g e r a t e d  
cond i t ion ,  of one week a s su red  a 
good system. The preimpregnation 

The S-HTS g l a s s  was 

c o a t i n g  tower i s  shown. -- 

The r e s i n  con ten t  of each 
tower r u n  w a s  c a l c u l a t e d ,  and 
recorded i n  t h e  i n s p e c t i o n  log 
f o r  each tube.  

During t h e  f a b r i c a t i o n  p rocess  the weight of overwrap material  
a p p l i e d  t o  each s t y l e  of t u b e  was determined. These d a t a  can be 
used t o  v e r i f y  t h e  r e l a t i v e  l i g h t  weight of the tubing.  
d a t a  are summarized i n  t a b l e s  18 and 19. , '  

The test 

Overwrap method. - I n  a l l  cases, t h e  t u b e  was overwrapped 
For hoop u s i n g  a preimpregnated g l a s s . - f ibe r  and r e s i n  system. 

wraps the tube  was i n s t a l l e d  i n  a fi lament-winding machine ( f i g .  
42 and 4 3 )  which had a l i n e a r  movement o f  0.06 i n .  (0.15 cm) per 
r e v o l u t i o n .  
f o r  t h e  1 / 2  i n .  diameter (1.27 cm) tubes and 15 rpm f o r  t h e  2 and 5 
in .  diameter (5 .08  and 12.70 cm) tubes.  

Machine speed w a s  v a r i a b l e  and was a d j u s t e d  t o  40 rpm 

Before beginning t h e  overwrap process ,  t h e  l a r g e r  diameter 
t ubes  were p r e s s u r i z e d  t o  20 t o  25 p s i g  ( 2 2  t o  25.5 N/cm2) and 
t h i s  p r e s s u r e  was maintained u n t i l  completion of t h e  c u r e  c y c l e .  
E a r l y  experiments i nvo lv ing  t h e  ven t ing  of p r e s s u r e  b e f o r e  c u r e  
m e t  w i t h  f a i l u r e  i n  t h a t  t h e  l i n e r  seam weld c o l l a p s e d  (see f i g .  
4 4 ) .  The 1 / 2  i n .  (1.27 cm) diameter  t ubes  were no t  p r e s s u r i z e d  
b u t  were overwrapped w h i l e  a s o l i d  mandrel w a s  i n s e r t e d  i n s i d e  
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Fig ,  4 3 ,  - Filarnent-Winding Machine, 2 i n .  (5,08 cm) 
and 5 i n ,  (12,7 em) Diameter Tubes 
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TABLE 18. - WEIGHT ANALYSIS AND COMPARISON WITH CONVENTIONAL TUBES 

Liner 
thickness 
(cm) 

0.0178 
0.0229 

Eame t er 
(in.) 

Overwrap Calculated 
thickness weight 
(cm) (N/linear cd 

0.0762 0.0120 
0.0762 0.0134 

112 
112 
1/2* 
2 
2 
2 
2* 
5 
5 
5 
5* 

Note : 

N/A 
0.1016 
0,0762 
0.0762 

Liner 
Thickness 
(in.) 

0.007 
0.009 
0.020 
0.003 
0.006 
0.003 
0,030 
0.003 
0.006 
0.006 
0.050 

0.0160 
0.0411 

0.0431 
0.0333 

Overwrap 
Thi cknes s 
(in.) 

0.030 
0.030 

N /A 
0.040 
n.030 
0.030 

N /A 
0.040 
0.050 
0.040 

N /A 

Calculated 
(1b/ 
linear in. ) 

0.00684 
0.00764 
0 * 009 11 
0.02348 
0.02463 
0.01903 
0.05460 
0.05990 
0.08560 
0.07410 
0.22750 

Actual weight (Ibllinear in 

Liner 

0.0033 
0.0042 

0.0056 
0.0113 
0.0056 

0.0141 
0.0282 
0.0282 

Compos it e 

0.0037 
0.0037 

0.0213 
0.0159 
0.0160 

0.0464 
0.0580 
0.0468 

Tota 1 

0.0070 
0.0079 

0.0269 
0.0272 
0.0216 

0.0605 
0.0862 
0.0750 

The weight of end fittings is not considered because any configuration 
will require end connections. 

* 
Conventional stainless steel tube. Not a composite. 

TABLE 19. - WEIGHT ANALYSIS AND COMPARISON W I T H  CONVENTIONAL TUBES 

1 i amet er 
(cm) 

1.27 
1.27 
1.27 
5.08 
5.08 
5.08 
5.08 
12.70 
12.70 
12.70 
12.70* 
Note: 

* 

* 

0.0508 
0.0076 
0.0152 
0.0076 

0.0760 0.0956 
0.0076 0.1016 0.1049 
0.0152 0.1270 0.1499 
0.0152 0.1016 0.1298 

0.1270 0.3981 

Actual Weight @/linear cm) 

Liner 

0.0058 
0.0074 

0.0098 
0.0198 
0.0098 

0.0247 
0.0494 
0.0494 

Compos it e 

0.0065 
0.0065 

0.0373 
0.0278 
0.0280 

0.812 
0.1015 
0.0819 

Total 

0.0123 
0.0139 

0.0471 
0.0476 
0.0378 

0.1059 
0.1509 
0,1313 

The weight of end fittings is not considered because any con- 
figuration will require end connections. 
Conventional stainless steel tube. Not a composite. 

* 
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the l i n e r .  Th i s  mandrel was o f  a s l i g h t l y  smaller diameter  t han  
t h e  l i n e r  and, t h e r e f o r e ,  was e a s i l y  removed a f t e r  t h e  cure cyc le .  

F ig .  44, - Post  Overwrap Showing 
Buckle, S e r i a l  No. 63  

Machine t e n s i o n  s e t t i n g s  (overwrap t e n s i o n )  were determined 
e m p i r i c a l l y  du r ing  t h e  overwrapping of t h e  p ro ta type  tubes .  The 
2 l b  (8.89 N) p e r  20 end roving  t e n s i o n  was abondoned because of 
undes i r ab le  roughness on t h e  f i n i s h e d  product .  Wrap t e n s i o n s  
were a d j u s t e d  u n t i l  t h e  a e s t h e t i c  appearance and t h e  i n t e r n a l  
p r e s s u r e  r equ i r ed  t o  o f f s e t  t h e  p r e s s u r e  on t h e  l i n e r  were optimized. 
F i n a l  wrap t ens ions  a r e  shown in  t h e  accompanying t a b l e .  

Tube 
diameter  

( i n . )  ( cm) 

0 .5  1.27 

0.5 1.27 

2 5.08 

2 5.08 

5 12.70 

5 

* E i t h e r  4# or 6# (18 o r  26N) machine t e n s i o n  was used accord ing  
t o  t h e  s p e c i f i c  des ign ,  
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The i n i t i a l  s t e p  i n  t h e  overwrap process  was t h e  a p p l i c a t i o n  
Th i s  release agent  was of  a s i l i c o n e  release agent  t o  t h e  l i n e r .  

a p p l i e d  t o  a l l  tubes  i n  a l l  a r e a s  of overwrap con tac t  except  fo r  
t h e  k n u r l s  which were designed t o  adhere t o  t h e  r e s i n  system. 

The hoop l a y e r s  were a l l  20 end rovings,  app l i ed  a t  16 t u r n s  
t o  the inch  (6 .3  t u r n s  t o  t h e  cm) wi th  machine t ens ions  a s  d i s -  
cussed.  I n  t h e  e a r l y  s t a g e s  of t h e  f a b r i c a t i o n  e f f o r t ,  the longi -  
t u d i n a l  g l a s s - f i b e r  was hoop wrapped on a drum, c u t  from t h e  drum, 
and then  f i t  t o  t h e  tube  a t  a 90° d i r e c t i o n  t o  t h e  hoop windings.  
Th i s  method was soon abandoned i n  favor  of 10 t o  1 p r e f a b r i c a t e d  
g l a s s - f i b e r ,  which was f i t t e d  t o  t h e  tube  w i t h  the 10 f i b e r  d i r e c -  
t i o n  being l o n g i t u d i n a l .  The l a t t e r  method saved cons ide rab le  t i m e  
and a l s o  enhanced t h e  appearance of t h e  f i n i s h e d  tube.  I n  a l l  
cases ;  a t  l e a s t  one and a s  many a s  two l a y e r s  of  hoop overwrap were 
app l i ed  over t h e  l o n g i t u d i n a l  l a y e r .  

The ins t rumenta t ion ,  which c o n s i s t e d  of  s t r a i n  gages and a 
thermocouple r equ i r ed  s p e c i a l  handl ing dur ing  t h e  overwrapping 
process .  The s t r a i n  gages t h a t  were bonded t o  the l i n e r  included 
smal l  wi res  t h a t  were guided through t h e  va r ious  l a y e r s  of t h e  
overwrap. The machine was s topped i n  t h e  a r e a  of t h e  wi r ing  and 
t h e  overwrap was guided i n t o  p l ace  a s  t h e  l a t h e  was turned  slowly 
by hand. This  hand f i t t i n g  ope ra t ion  r e s u l t e d  i n  only a minor 
d i s c o n t i n u i t y  i n  t h e  overwrap and only  one tube  f a i l e d  i n  t h i s  
a rea .  Seve ra l  of t h e  f r a g i l e  wires were severed a t  t h e  tube  in-  
t e r f a c e  dur ing  t h i s  opera t ion ,  most of them were r e p a i r e d  and 
opera ted  s a t i s f a c t o r i l y .  The thermocouple was added underneath 
t h e  l a s t  hoop l aye r ,  near  one end of t h e  tube.  The thermocouples 
were Thermoelectic Corporat ion,  t ype  G/G w i t h  f i b e r - g l a s s  i n su la -  
t i o n .  The AWG 4/30 unshie lded  wires wi th  a tw i s t ed  and so lde red  
exposed loop a r e  made of  copper and cons tan tan .  

When t h e  overwrap process  was completed t h e  tubes  were re- 
moved from t h e  l a the ,  and without  removing t h e  s o l i d  mandrel o r  
vent ing  t h e  pressure ,  t h e  tubes  were i n s t a l l e d  i n  t h e  c u r e  oven. 

Cure cycle.- The 58-6813. r e s i n  mat r ix  r e q u i r e s  a c u r e  cyc le  
a t  e l eva ted  temperatures .  Seve ra l  combinations of  t i m e  and temp- 
e r a t u r e  a r e  acceptab le .  For t h i s  program t h e  cure  temperature  
p r o f i l e  shown i n  the accompanying ske tch  was used. S e v e r a l  tubes  
w e r e  cured s imul taneous ly  i n  a 5 x 6 x 8 f t  (152 x 183 x 244 cm) 
oven. The cu re  oven is of t h e  fo rced -a i r  type  and has  a maximum 
temperature  o f  650°F (615'K). 
by programmer c o n t r o l  of  t h e  oven temperature  vs  t i m e .  Actua l  
da ta  from t h e  c u r e  cyc le ,  i nc lud ing  any anomolies,  were en te red  i n  
t e s t  specimen logs.  

Temperature r e p e a t a b i l i t y  i s  ensured 
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Th i s  method of  cu r ing  t h e  tubes  r e s u l t e d  i n  two somewhat 

undes i r ab le  s i d e - e f f e c t s .  F i r s t ,  a l aye r  of t h i n  Teflon s h e e t  was 
wrapped around the tube  where the overwrap was terminated a s  an a i d  
i n  hold ing  t h i s  loose  end i n  p l a c e  u n t i l  t h e  r e s i n  ma t r ix  w a s  cured. 
This  l e f t  an area where t h e  r e s i n  ma t r ix  was unugually d ry  appearing.  
The second undes i r ab le  aspec t  r e s u l t e d  from no t  r o t a t i n g  the tubes  
wh i l e  cur ing .  
appearance on the t o p  of t h e  tube  and an ove r ly  sh iny  appearance on 
the bottom ( f i g ,  45). 
oven and l e f t  a p ro t rus ion  on t h e  tube.  
e f f e c t s  a l t e r e d  the s t r e n g t h  of the tube  but  bo th  would be  un- 
d e s i r a b l e  where a e s t h e t i c s  i s  important .  

The r e s i n  ma t r ix  tended t o  slump and leave  a d r y  

The slump o f t e n  dr ipped  t o  t h e  f l o o r  of t h e  
Nei ther  of t h e s e  s ide -  

F i g . 4 5 .  - Post  Cure Showing Res in  Slump. 
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Leak Checks 

To determine t h e  l eak - f r ee  i n t e g r i t y  of t h e  tubes ,  t hey  
were sub jec t ed  t o  a series of l eak  checks during t h e  f a b r i c a -  
t i o n  process.  These checks were performed on t h e  l i n e r  be fo re  
t h e  end f i t t i n g s  were i n s t a l l e d  and on t h e  tube assembly both 
be fo re  and a f t e r  t h e  overwrapping p rocess ,  

Liner  leak checks. - Afte r  t h e  2 and 5 in .  (5.08 and 12.70 
cm) tube l i n e r s  were f a b r i c a t e d ,  t hey  were sub jec t ed  t o  a dye 
p e n e t r a n t  l eak  check. This  s t e p  w a s  completed by t h e  vendors as 
a p a r t  of t h e  f a b r i c a t i o n  q u a l i t y  a s su rance  program. O r i g i n a l  
plans t o  l eak  check t h e  l i n e r s  w i th  helium were abandoned be- 
cause of t h e  lack of t o o l i n g  t o  perform a p o s i t i v e  p r e s s u r e  
helium l eak  check and because any vacuum app l i ed  t o  t h e  i n s i d e  
of t h e  l i n e r  ( f o r  a helium wash l e a k  check) would r e s u l t  i n  
c o l l a p s i n g  t h e  l i n e r ,  The dye pene t r an t  method proved t o  be 
s u i t a b l e .  

Pre-overwrap l eak  checks. - A f t e r  a t t a c h i n g  t h e  f i t t i n g s  
t o  t h e  l i n e r ,  a second dye pene t r an t  check ( t h e  f i r s t  l eak  
check f o r  t h e  s m a l l  seamless tubes )  w a s  performed a t  and ad jacen t  
t o  t h e s e  welds,  This t e s t  w a s  a l s o  accomplished by t h e  tube 
vendors.  R e s u l t s  of t h e s e  tests are included i n  t h e  t e s t  i tem 
i n s p e c t i o n  logs ,  

A f t e r  r e c e i p t  of t h e  tubes a t  t h e  MMC Cold Flow Laboratory,  
an  i n t e r n a l  p re s su re  helium l eak  check w a s  performed on each tube 
i n  accordance w i t h  t h e  s k e t c h ,  The p r e s s u r e  l e v e l  f o r  t h i s  leak 

check was u s u a l l y  25 ps ig  (25.5 N/cm ) wi th  some 1/2 i n .  diameter 

(1.27 cm) tubes checked a t  200 p s i  (138 N / c m  ). S a f e t y  r e s t r i c -  
t i o n s  precluded leak checks a t  ope ra t ing  p res su re  u n t i l  t h e  
overwrap system was i n s t a l l e d  and cured,  A helium mass s p e c t r o -  

meter w i th  a s e n s i t i v i t y  of approximately 1 x LO-" s c c / s e c  of 
helium w a s  used f o r  t h e s e  tes ts .  The mass spectrometer  probe 
w i t h  a rubber g a t h e r i n g  cup w a s  used t o  s e a r c h  f o r  leaks a t  a l l  
j o i n t s .  Resu l t s  of t h e s e  t e s t s  are included i n  t h e  t es t  i tem 

2 

2 

i n s p e c t i o n  logs and a r e  summarized a t  t h e  end 

H e  1 ium 

of t h i s  s e c t i o n .  

S a f e t y  s h i e l d  f o r  u s e  
while p r e s s u r i z i n g  

, 
Rubber Cup A< 1 Mass 

Tipped Probe Spec tr ome t er 
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Post-overwrap l eak  checks.  - Afte r  t h e  tubes  were overwrapped 
and cured, a 200 p s i  (138 N/cm2) f o r  t h e  2 and 5 i n .  d i a .  (5.08 
and 12.70 cm) tubes  and a 3000 p s i  (2068 N/cm2) f o r  t h e  1 / 2  i n .  
d i a  (1.27 cm) tubes ,  l eak  check was performed us ing  a helium mass 
spectrometer .  For t h i s  test, t h e  test i tems were enclosed i n  a 
bag and t h e  m a s s  spec t rometer  probe was i n s e r t e d  i n t o  t h e  bag. 
This  method of l eak  checking, r e f e r r e d  t o  a s  accumulation test- 
ing, i s  e x c e l l a n t  i f  there a r e  no l eaks  i n  t h e  tube.  The method 
i s  no t  cons idered  t o  be  q u a n t i t a t i v e  i n  n a t u r e  because t h e  leak-  
ing  helium w i l l  accumulate i n  t h e  bag and r e p l a c e  t h e  n i t r o g e n  
gas  o r  a i r  t h a t  was o r i g i n a l l y  i n  t h e  bag bu t  was withdrawn by 
the mass spec t rometer .  I n  c a s e s  of margina l  leakage, t h e  system 
(bag, tube, and mass spec t rometer )  was compared t o  a known 
s t anda rd  l eak  and t h i s  c a l i b r a t i o n  was used t o  c a l c u l a t e  the 
q u a n t i t a t i v e  l eak  ( r e f .  9) .  

4 a f e t y  s h i e l d  f o r  use 
dur ing  p r e s s u r i z i n g  

Encapsula t ing  Bag 
aped t o  ends of tube)  

Mass 
l eak  when requi red  Spectrometer  

Again, t h e  r e s u l t s  of t h e s e  leak  checks were en te red  i n  t h e  
test i t e m  i n s p e c t i o n  log and a r e  summarized a t  t h e  end of t h i s  
s e c t  i on  

R e s u l t s .  - The r e s u l t s  of  t h e s e  l eak  checks a r e  t a b u l a t e d  
i n  t a b l e  20. A s  noted, s e v e r a l  of t h e  tubes  had leakage r a t e s  
i n  excess of the 1 x s c c / s e c  al lowable.  These tubes  were 
sub jec t ed  t o  a m a t e r i a l  review board and a p p r o p r i a t e  c o r r e c t i v e  
a c t i o n  was i n i t i a t e d .  Because of  t h e  methods used dur ing  
cryogenic  c y c l e  t e s t i n g ,  t ubes  t h a t  i n d i c a t e d  any a p p r e c i a b l e  
leakage were s u b j e c t e d  on iy  t o  b u r s t  t e s t i n g .  

I n  g e n e r a l  the tubes  can  b e  r e l i a b l y  manufactured without  
measurable leakage.  A requirement  of any product ion  program 
r e s u l t i n g  from t h i s  s tudy  should be a mass spec t rometer  l eak  
check, w i t h  no measurable leakage, be fo re  overwrapping t h e  tube.  
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I 
f I S pee imen 

I Number 

CFL6300605 

CFL6300606 

CFL6300607 

CFLG 30060 8 

CFL6300609 

CFL6300610 

CFLG 300 6 11 

CFL6300612 

CFL6300612 
(redesign) 

CFL6300613 

CFLG 300 6 14 

CFL6300615 

a .  

b. 

C .  

d. 

e. 

f .  

TABLE 20. - LEAKAGE RATES 

25 p: 
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11 

12 

8 

11 
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12 

11 

0 
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10 

8 

5 

Pre Overwrap 
2 

Ig (25.5 N / c m  ) H e  Pressure 
Accept ab l e  
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Rate 
(<1x10-~ scc/sec)  

1 

0 

4 

1 

2 

0 

1 

0 

2 

2 
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4 
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Leak 
Rat e 

0 

0 

0 
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0 
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0 

0 

3 

Post  Overwrap 
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0. of 
,ea k 
' ree 
'ubes 

7 

9 

8 

6 

8 

10 

9 

5 

6 

6 

5 

Accept - 
a b l e  
Leak 
Rate 

5 

3 

3 

5 

3 

2 

3 

3 
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4 

4 

ire He 
Unacc ep t  - 
ab le  
Leak 
Rate 

0 

0 

l a  

lb ' 

1 

0 

0 

3c 

2 d  

2e 

3d 

Used a s  an ambient temperature burs t  t es t  specimen without repa i r .  

Was changed t o  LH burs t  t es t  i t e m  without r epa i r .  

The out  of spec leaks received MRB ac t ion  and the  leaks were repaired 
with a cryogenic epoxy. 
a s s i s t e d  i n  f ab r i ca t ion  of  l eak  f r e e  bonds. 

These tubes were used as bu r s t  items where e f f e c t s  of  Leakage are 
minima 1. 

Retest on s e r i a l  no. 116 revealed t h e  tube leak  r a t e  was acceptable  f o r  
ambient cycle.  
where e f f e c t s  of leakage a r e  minimal. 

This column i s  a n  ident i fy ing  drawing number f o r  each tube design. 

2 

Addit ional  changes I n  the  bonding procedure 

The o ther  leaking tube was changed t o  a LN burs t  a r t i c l e  2 
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It i s  s i g n i f i c a n t  t h a t  once a tube  is  l eak  f r e e  it u s u a l l y  remains 
l e a k  f r e e  throughout t h e  ex tens ive  overwrap and c y c l e  test programs. 

S p e c i f i c  leakage problems were experienced on s e v e r a l  des igns .  
The 1/2 in. d i a  (1.27 cm) high-pressure tubes  f r equen t ly  ind ica t ed  
leakage a t  t h e  r e s i s t a n c e  welded j o i n t  t o  the end f i t t i n g  but  t h i s  
leakage was u s u a l l y  w i t h i n  t h e  s p e c i f i c a t i o n  l i m i t s .  The probable  
cause o f  t h i s  leakage problem i s  t h e  t i p  d iameter  o f  t h e  s t i t c h  welder.  
The 1 /2  in .  (1.27 cm) tube has  a sma l l  con tac t  a r e a  and, t h e r e f o r e ,  
cannot r ece ive  proper  welding c u r r e n t .  Other  a r e a s  o f  c l o s e  c o n t r o l  
r equ i r ed  in  t h i s  s ize  tube  a r e  c l e a n l i n e s s ,  f i t - u p ,  and th i ckness  o f  
t h e  two welded ma te r i a l s .  The tubes  f a b r i c a t e d  dur ing  t h e  l a t t e r  p a r t  
of the program have cons iderably  b e t t e r  c h a r a c t e r i s t i c s  t han  t h e  e a r l y  
development mode 1s. 

One des ign  s t y l e  was e l imina ted  from t h e  program a s  a r e s u l t  of 
poor weld q u a l i t y  t h a t  r e s u l t e d  in  excessive leakage.  The l ack  o f  
f u s i o n  was c l e a r l y  ev iden t  and reasons f o r  t h i s  f a i l u r e  a r e  included 
in  t h e  d i s c u s s i o n  of  t h e  s p e c i f i c  tube.  

A t h i r d  type  of  assembly t h a t  exh ib i t ed  leakage was t h e  s o l i d -  
s t a t e  bonded concept.  This  concept w a s  i n i t i a t e d  l a t e  in  t h e  program, 
and the development problems a r e  no t  y e t  completely solved. Close 
c o n t r o l  of t h e  groove depth  and shape,  c l e a n l i n e s s ,  and f i t - u p  t o l e r -  
ances  w i l l  e l imina te  t h e  leakage problems w i t h  t h i s  j o i n t  s t y l e .  

Test Specimen F a b r i c a t i o n  

The fo l lowing  paragraphs d i s c u s s  t h e  s t e p  by s t e p  procedure t h a t  
was followed dur ing  t h e  f a b r i c a t i o n  of  t h e  t es t  specimens. The purpose 
of  t h i s  d i s c u s s i o n  i s  t o  denote  t h e  m a t e r i a l s ,  p rocesses ,  and welding 
techniques  t h a t  w e r e  used;  and t h e  problems t h a t  were encountered i n  
t h e  f a b r i c a t i o n  o f  each  t e s t  specimen conf igu ra t ion .  The tes t  specimens 
w i l l  be d iscussed  i n  t h r e e  groups according t o  diameter.  Except where 
noted h e r e i n  a l l  processes  and welding techniques  used were i d e n t i c a l  
t o  those  d iscussed  i n  t h e  preceeding s e c t i o n .  

1/2 i n .  (1.27 c m )  d iameter . -  A l l  l i n e r s  i n  t h i s  group were f a b r i -  
c a t e d  from commercially a v a i l a b l e  seamless drawn tub ing  of d e s i r e d  w a l l  
t h i ckness .  The g l a s s  overwrap conf igu ra t ion  was a l s o  common t o  a l l  
tes t  specimens i n  t h i s  group. The overwrap was 0.030 i n .  (0.076 cm) 
t h i c k  and cons i s t ed  of  two l a y e r s  of hoop wound g l a s s  s epa ra t ed  by 
one l o n g i t u d i n a l  l a y e r  of  10 t o  1 woven g l a s s  mat. 

CFL6300605: The l i n e r s  f o r  t h i s  t es t  specimen conf igu ra t ion  w e r e  
0.007 in. (0.018 c m )  wa l l ,  Incone l  718 tub ing .  The l i n e r s  were c u t  
t o  t h e  proper length ,  then  hea t  t r e a t e d  and age hardened p r i o r  t o  
a t t a c h i n g  t h e  end f i t t i n g s .  
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The AN f l a r e d  end f i t t i n g s  f o r  t h i s  des ign  were made from 1/2 in .  
(1.27 cm) d iameter  s t a i n l e s s  s teel  tubing. The f i t t i n g s  were machined 
t o  f i t  the i n s i d e  d iameter  of the l i n e r ,  Four l o n g i t u d i n a l  p i n s  were 
then  welded t o  t h e  f i t t i n g s  t o  provide  a t o r s i o n a l  bond f o r  t h e  g l a s s  
overwrap. The f i t t i n g s  were then a t t ached  t o  t h e  l iners by r e s i s t a n c e  
welding us ing  a s t i t c h  welder.  A r e p r e s e n t a t i v e  test  specimen a t  
t h i s  s t a g e  of  f a b r i c a t i o n  is  shown i n  f i g .  46. 

Fig.  46.- Res is tance  Welded 1/2 in .  (1.27 c m )  Diameter Tubes 

The next  s t e p s  i n  t h e  f a b r i c a t i o n  process  w e r e  t h e  i n s t a l l a t i o n  
of  s t r a i n  gages and a low p res su re  helium l eak  check. The g l a s s  over- 
wrap was then  app l i ed  and cured ,  and t h e  t e s t  specimens w e r e  l e a k  
checked a t  o p e r a t i n g  pressure .  Th i s  s t e p  completed t h e  t e s t  specimen 
f a b r i c a t i o n  process .  A completed test  specimen of t h i s  c o n f i g u r a t i o n  
i s  shown i n  fLg, 49 a t  t h e  end o f  t h i s  s e c t i o n .  

CFL6300606: The l iners  f o r  t h i s  c o n f i g u r a t i o n  were i d e n t i c a l  t o  
t h e  l i n e r s  f o r  t h e  CFL6300605 conf igu ra t ion  and were hea t  t r e a t e d  and 
age  hardened by t h e  same procedure.  
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The test  j o i n t  f o r  t h i s  c o n f i g u r a t i o n  was a buttweld and was made 
from 1/2 in .  (1.27 c m )  Incone l  718 tub ing .  
was o r i g i n a l l y  t o  be f l a r e d  t o  provide a mechanical connect ion f o r  test  
purposes,  b u t  d i f f i c u l t i e s  w i t h  t h e  Incone l  718 work hardening during 
f l a r i n g  brought about a change t o  weld on threaded connectors ,  The 
end f i t t i n g s  were a t t a c h e d  t o  t h e  l i n e r  by a r e s i s t a n c e  weld u s i n g  a 
s t i t c h  welder  and t h e  f a b r i c a t i o n  process  was completed i n  t h e  same 
manner a s  t h e  previous c o n f i g u r a t i o n .  After t h e  overwrap and cure 
processes  were completed a weld bead was added t o  t h e  but tweld groove. 

The end of t h e  f i t t i n g  

A r e p r e s e n t a t i v e  test  specimen, b e f o r e  overwrapping i s  shown i n  
f i g .  46 and a completed test specimen i s  shown i n  f i g .  49. 

CFL6300607: The l i n e r s  f o r  t h i s  c o n f i g u r a t i o n  were t h e  same a s  
t h e  previous c o n f i g u r a t i o n  bu t  were h e a t  t r e a t e d  and aged a f t e r  t h e  
end f i t t i n g s  were a t t ached .  

The end f i t t i n g s  f o r  t h i s  c o n f i g u r a t i o n  were 3 /4  i n .  (1.90 cm)  
APCO f l a n g e s  machined from a b i l l e t  of I n c o n e l  718. The f i t t i n g s  were 
a t t a c h e d  t o  t h e  l i n e r  by t h e  f u s i o n  welding technique shown i n  f i g .  25. 
The specimens were t h e n  h e a t  t r e a t e d  and age hardened a s  a n  assembly. 
A f t e r  completing t h e  hea t  t r ea tmen t ,  t h e  s t r a i n  gages were i n s t a l l e d  
and a low p res su re  helium l e a k  check was performed, 
was t h e n  a p p l i e d  and cured. After t h e  f i r s t  l a y e r  of werwrap  was 
a p p l i e d ,  fou r  p i n s  were i n s e r t e d  i n t o  ho le s  i n  each end f i t t i n g  and 
t h e  remaining two l a y e r s  o f  g l a s s  were wrapped over t h e s e  p i n s ,  The 
completed test  specimen i s  shown in  f i g .  49. 

The g l a s s  overwrap 

CFL6300608: The l i n e r s  f o r  t h i s  test specimen c o n f i g u r a t i o n  were 
0.009 in. (0.023 c m )  w a l l ,  s t a i n l e s s  s t ee l  tubing.  

The AN f l a r e d  end f i t t i n g s  f o r  t h i s  des ign  were made from 1/2 
i n .  (1.27 c m )  diameter  s t a i n l e s s  steel  tubing.  A k n u r l  was app l i ed  t o  
t h e  end f i t t i n g s  t o  provide b o t h  a x i a l  and t o r s i o n a l  bonding of t h e  
g l a s s  overwrap and t h e  f i t t i n g s  were machined t o  f i t  t h e  i n s i d e  d i a -  
meter of the l i n e r s .  

F a b r i c a t i o n  o f  t h i s  test specimen c o n f i g u r a t i o n  was t h e n  completed 
i n  t h e  same manner a s  t h e  CFL6300605 design. 

2 i n ,  (5,08 cm)  d iameter . -  A l l  l iners in  t h i s  group were f a b r i -  
ca t ed  from Incone l  718 s h e e t .  The g l a s s  overwrap c o n f i g u r a t i o n  f o r  
a l l  specimens i n  t h i s  group was 0.030 i n .  (0.076 c m )  t h i c k  and con- 
s i s t e d  o f  two l a y e r s  o f  hoop wound g l a s s  s e p a r a t e d  by a l o n g i t u d i n a l  
l a y e r  of 10 t o  1 woven g l a s s  mat. 

CFL6300609: The l i n e r s  f o r  t h i s  test  specimen were f a b r i c a t e d  
from 0.005 in.  (0.013 cm)  t h i c k  I n c o n e l  718 shee t .  The s h e e t  was c u t  
i n  s t r i p s  and formed i n t o  tubes  by t h e  h e l i c a l l y  wrapped-fusion weld 
technique.  "he tubes  were t h e n  redrawn t o  a f i n a l  t h i ckness  o f  0.003 
in .  (0.0076 cm) .  
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The t e s t  j o i n t  f o r  t h i s  conf igu ra t ion  was a but tweld and was 
machined from Incone l  718. E igh t  l o n g i t u d i n a l  p i n s  were welded t o  t h e  
f i t t i n g s  t o  provide  a t o r s i o n a l  bond f o r  the g l a s s  overwrap. The 
f i t t i n g s  were then  machined t o  f i t  t h e  i n s i d e  diameter  o f  t h e  l i n e r  
and a t t a c h e d  t o  t h e  l i n e r  by r e s i s t a n c e  welding. 

The next  s t e p s  i n  t h e  f a b r i c a t i o n  process  were t h e  i n s t a l l a t i o n  
of s t r a i n  gages and a low p res su re  helium l e a k  check. The g l a s s  
overwrap was then  app l i ed  and cured.  Af te r  t h e  overwrap was cured 
t h e  but tweld was completed and t h e  specimens were l e a k  checked a t  
o p e r a t i n g  pressure .  Th i s  s t e p  completed the f a b r i c a t i o n  process .  A 
completed tes t  specimen i s  shown i n  f i g .  49. 

CFL6300610: The l i n e r s  f o r  t h i s  test specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0.003 i n ,  (0.0076 c m )  t h i c k  Incone l  718 which was 
hea t  t r e a t e d  and age hardened a s  f l a t  f o i l .  The l i n e r s  were r o l l  
formed t o  t h e  d e s i r e d  diameter  w i t h  a s l i g h t  o v e r l a p  a t  t h e  mating 
su r faces .  The seam was then  welded by r e s i s t a n c e  welding and t h e  
excess ove r l ap  was peeled from both t h e  i n s i d e  and o u t s i d e  o f  t h e  tube  
on s e l e c t e d  specimens. 

The tes t  j o i n t  f o r  t h i s  conf igu ra t ion  was a but tweld and was made 
from s t a i n l e s s  s t e e l  tub ing .  

The remaining s t e p s  i n  t h e  f a b r i c a t i o n  process  f o r  t h i s  tes t  
specimen des ign  were i d e n t i c a l  t o  t h e  CFL6300609 conf igu ra t ion .  A 
completed test  specimen i s  shown i n  f i g .  49. 

CFL6300611: The l i n e r s  f o r  t h i s  t e s t  specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0.003 i n .  (0.0076 c m )  Incone l  s h e e t  by t h e  same method 
used on t h e  CPL6300609 conf igu ra t ion .  

The end f i t t i n g s  f o r  t h i s  c o n f i g u r a t i o n  were 2% i n .  (6.35 c m )  
APCO f l anges  machined from a b i l l e t  of  I n c o n e l  718. The f i t t i n g s  
were a t t ached  t o  t h e  l i n e r s  by f u s i o n  welding a s  shown i n  f i g .  25. After 
t h e  end f i t t i n g s  were a t t a c h e d  t o  t h e  liners t h e  s t r a i n  gages were 
i n s t a l l e d  and a low p res su re  helium l eak  check was performed. The 
g l a s s  overwrap was then  app l i ed  and cured.  A f t e r  t h e  f i r s t  l a y e r  of  
overwrap was app l i ed ,  p i n s  were i n s e r t e d  i n t o  ho le s  i n  each  end f i t t i n g  
and t h e  remaining two l a y e r s  o f  g l a s s  were app l i ed  over  t h e  p i n s .  The 
t e s t  specimens were t h e n  sub jec t ed  t o  a helium l eak  check a t  ope ra t ing  
p res su re  t o  complete t h e  f a b r i c a t i o n  process .  A completed t e s t  s p e c i -  
men is shown i n  f i g .  49 a t  t h e  end of t h i s  sec t ion .  

CFL6300612: The l iners  f o r  t h i s  t es t  specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0,006 i n .  (0.015 cm)  t h i c k  Incone l  718 s h e e t  and welded 
by  s t r a i g h t  seam fus ion  welding, 

The end f i t t i n g s  f o r  t h i s  c o n f i g u r a t i o n  were s t a i n l e s s  s t ee l  
r a i s e d  f a c e  f l anges  machined t o  t h e  NASA s e r r a t i o n  Conf igura t ion .  
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The f l a n g e  shou lde r s  were knurled t o  provide both a n  a x i a l  and t o r s i o n -  
a l  bond f o r  t h e  g l a s s  overwrap. 
f i t t i n g s  were a t t a c h e d  t o  t h e  l i n e r s  by f u s i o n  welding a s  shown i n  
f i g .  37. 
h e a t  c a p a c i t i e s ,  produces a weld which is n o t  s t r u c t u r a l l y  sound. 
F igu re  47 shows t h i s  c o n f i g u r a t i o n  w i t h  t h e  f a i l e d  weld and f i g .  48 
i s  a magnified photograph of t h e  weld a r e a  showing a d e f i n i t e  l a c k  o f  
fusion.  Note t h a t  t h e  roughness in  t h e  l i n e r  a r e a  i s  r e l e a s e  agent  
t h a t  was app l i ed  be fo re  a t t empt ing  t o  overwrap t h e  tube.  
d e s i g n  was recommended by s e v e r a l  vendors,  i t s  s t r e n g t h  i s  dependent 
on e q u a l  h e a t  f l o w  t o  both s i d e s  of t h e  weld and t h i s  would reduce 
i ts  s t r e n g t h  t o  that of t h e  s t a i n l e s s  steel  end f i t t i n g ,  about 40% 
of t h e  s t r e n g t h  of t h e  Incone l  l i n e r .  I f  t h e  end f i t t i n g s  were made 
of h i g h  s t r e n g t h  Inconel, t h i s  j o i n t  could be f a b r i c a t e d  w i t h  equa l  
hea t  a r e a s  and would probably be r e l i a b l e .  A f t e r  f a b r i c a t i n g  one t e s t  
specimen t h i s  method of a t t a c h i n g  t h e  end f i t t i n g s  t o  t h e  l i n e r s  was 
abandoned. The end f i t t i n g s  f o r  t h e  remaining tes t  specimens o f  t h i s  
des ign  w e r e  a t t a c h e d  t o  t h e  l i n e r s  by t h e  s o l i d - s t a t e  bonding t e c h -  
nique shown i n  f i g .  29. 

On t h e  o r i g i n a l  des ign  t h e  end 

Thfs t echn ique ,  when app l i ed  t o  members w i t h  v a s t l y  d i f f e r e n t  

Although t h i s  

The remaining s t e p s  i n  t h e  f a b r i c a t i o n  procedure f o r  t h i s  con- 
f i g u r a t i o n  were t h e  same a s  t h e  CFL6300609 c o n f i g u r a t i o n  except  t h a t  
no buttweld was r equ i r ed .  A completed tes t  specimen i s  shown i n  f i g .  49. 

5 i n .  (12 .7  c m )  diameter.-  A l l  l i n e r s  i n  t h i s  group were f a b r i -  
c a t e d  from Incone l  718 s h e e t .  The g l a s s  overwrap c o n f i g u r a t i o n  was 
common t o  a l l  test  specimens i n  t h i s  group except  f o r  two specimens 
o f  t h e  CFL6300615 c o n f i g u r a t i o n  which had f o u r  l a y e r s  o f  hoop wound 
g l a s s .  The overwrap was 0.040 in .  (0.102 c m )  t h i c k  and c o n s i s t e d  of 
a l a y e r  of hoop wound g l a s s ,  t h e n  a l o n g i t u d i n a l  l a y e r  of 10 t o  1 woven 
g l a s s  mat, followed by two a d d i t i o n a l  l a y e r s  of hoop wound g l a s s .  The 
overwrap was app l i ed  and cured by t h e  procedure p rev ious ly  d i scussed .  

CFL6300613: The l i n e r s  f o r  t h i s  t e s t  specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0.003 in .  (0.0076 em)  t h i c k  Incone l  718 s h e e t .  The 
m a t e r i a l  was h e a t  t r e a t e d  and age hardened a s  f l a t  f o i l .  The l i n e r s  
were r o l l  formed t o  t h e  d e s i r e d  diameter  and t h e  seam was welded by 
r e s i s t a n c e  welding a s  shown i n  f i g .  23. 

The test  j o i n t  f o r  t h i s  c o n f i g u r a t i o n  was a but tweld,  The end 
f i t t i n g s  were r o l l  formed from f l a t  Inconel  718 s h e e t  and seam welded. 
S i x t e e n  l o n g i t u d i n a l  p i n s  were welded t o  each end f i t t i n g  t o  provide a 
t o r s i o n a l  bond f o r  t h e  g l a s s  overwrap. The f i t t i n g s  were t h e n  machined 
t o  f i t  i n s i d e  t h e  l i n e r s  and w e r e  a t t a c h e d  t o  t h e  l i n e r s  by r e s i s t a n c e  
welding, After the f i t t i n g s  were a t t a c h e d  t o  t h e  l i n e r s ,  end plug 
adap to r s  were welded t o  t h e  f i t t i n g s  t o  provide a mechanical j o i n t  f o r  
test purposes. 

The next  s t e p s  i n  t h e  f a b r i c a t i o n  process  were t h e  i n s t a l l a t i o n  of 
s t r a i n  gages and a low p r e s s u r e  helium l eak  check. The g l a s s  overwrap 
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Fig .  47. - Cracked Weld Area, 
S e r i a l  Number 85 

,... -1 . , 

Fig .  48. - Photograph Showing Lack of 
Fusion, S e r i a l  Number 85 
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was then  app l i ed  and cured.  The but tweld was then  completed and t h e  
tes t  specimens were l eak  checked a t  ope ra t ing  pressure .  A completed 
tes t  specimen i s  shown i n  f i g ,  49.  

CFL6300614: The l iners  f o r  t h i s  test  specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0.003 in. (0.0076 c m )  t h i c k  Incone l  718 s h e e t .  The 
l i n e r s  were r o l l  formed t o  t h e  d e s i r e d  d iameter  and seam welded by 
f u s i o n  welding. A f t e r  completing t h e  seam weld,  t h e  l iners were hea t  
t r e a t e d  and age hardened before  t h e  end f i t t i n g s  were i n s t a l l e d .  

End f i t t i n g  c o n f i g u r a t i o n  and t h e  remaining s t e p s  in  t h e  f a b r i -  
c a t i o n  process  f o r  t h i s  t e s t  specimen des ign  were i d e n t i c a l  t o  t h e  
CFL6300613 conf igu ra t ion .  A completed test  specimen is shown i n  f i g .  49.  

CFL6300615: The l iners  f o r  t h i s  tes t  specimen c o n f i g u r a t i o n  were 
f a b r i c a t e d  from 0,006 i n .  (0.015 c m )  t h i c k  Incone l  718 shee t .  The 
l i n e r s  were r o l l  formed t o  t h e  des i r ed  diameter  and seam welded by 
fus ion  welding. 
hea t  t r e a t e d .  

The l iners were p len ished  a f t e r  welding but  were n o t  

The end f i t t i n g s  f o r  t h i s  conf igu ra t ion  were s t a i n l e s s  s teel  r a i sed  
f a c e  f l anges  machined t o  t h e  NASA s e r r a t i o n  conf igu ra t ion .  The end 
f i t t i n g s  were a t t a c h e d  t o  t h e  liners by f u s i o n  welding a s  shown i n  
f i g .  25. A f t e r  t h e  end f i t t i n g s  were a t t ached  t o  t h e  l i n e r s ,  t h e  s t r a i n  
gages were i n s t a l l e d  and a low p res su re  hel ium l eak  check was performed. 
The g l a s s  overwrap was then  app l i ed  and cured.  
of overwrap was a p p l i e d ,  sixteen p ins  were i n s e r t e d  i n t o  ho le s  i n  each  
end f i t t i n g  and t h e  remaining l a y e r s  of g l a s s  were appl ied  over the 
p ins .  
a t  o p e r a t i n g  p res su re  t o  complete t h e  f a b r i c a t i o n  process .  

A f t e r  t h e  f i r s t  l a y e r  

The test  specimens were t h e n  sub jec t ed  t o  a helium l e a k  check 

The b u r s t  tes t  p res su re  o f  t h e  f i r s t  two specimens of t h i s  des ign  
was below t h e  accep tab le  level. The r e s u l t s  of a f a i l u r e  a n a l y s i s  
showed t h a t  a s  the l i n e r  e longated  t h e  end f l ange  separa ted  from t h e  
g l a s s  overwrap. 
a premature hoop f a i l u r e  occurred. A photograph of t h i s  f a i l u r e  i s  
shown i n  t h e  test  s e c t i o n  o f  t h i s  r e p o r t ,  The f a i l u r e  a n a l y s i s  a l s o  
showed c i r c u m f e r e n t i a l  c r acks  i n  t h e  g l a s s  overwrap i n d i c a t i n g  a x i a l  
load t r a n s f e r  from t h e  l iner  t o  t h e  g l a s s  even though a r e l e a s e  agent: 
had been app l i ed  t o  t h e  l iner .  The i n a b i l i t y  of t h e  overwrap ( a l l  
hoop wound g l a s s  on t h e s e  twospecimens) t o  absorb  t h e s e  loads  c o n t r i -  
buted t o  t h e  premature f a i l u r e .  Th i s  problem was co r rec t ed  on t h e  
remaining test  specimens by adding a doubler  t h a t  extended p a s t  t h e  
end of t h e  f l ange  on each  end o f  t h e  l i n e r  and by inc luding  a l a y e r  o f  
l o n g i t u d i n a l  g l a s s  i n  t h e  overwrap conf igu ra t ion .  A s  a r e s u l t  of t h e s e  
p re l imina ry  tests t h e  planned a l l  hoop g l a s s  overwrap on t h e  CFL6300611 
des ign  was changed t o  inc lude  a l a y e r  o f  l o n g i t u d i n a l  g l a s s .  

This  l e f t  t h e  l i n e r  unsupported i n  t h i s  a r ea  and hence 

CFL6300616: The l i n e r s  f o r  t h i s  t e s t  specimen conf igu ra t ion  were 
f a b r i c a t e d  of the same m a t e r i a l  and by the same method a s  t h e  CFL6300615 
conf igu ra t ion .  
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The end f i t t i n g s  f o r  t h i s  conf igu ra t ion  were s t a i n l e s s  s teel  
Conoseal f langes .  The f l anges  w e r e  a t t ached  t o  t h e  l iners  by t h e  
f u s i o n  weld technique  a s  shown i n  f i g .  37.  The end f i t t i n g s  were 
knurled t o  provide  bo th  an a x i a l  and t o r s i o n a l  bond f o r  t h e  g l a s s  
overwrap. A f t e r  t h e  end f i t t i n g s  were a t t ached  t o  t h e  l i n e r s ,  t h e  
s t r a i n  gages were i n s t a l l e d  and a low p res su re  helium l eak  check was 
performed. The g l a s s  overwrap was then  app l i ed  and cuxed and t h e  
specimens were l e a k  checked a t  ope ra t ing  p res su re .  
p l e t e d  t h e  f a b r i c a t i o n  process .  

Th i s  s t e p  com- 

The b u r s t  test  p re s su re  of  t h e  f i r s t  two specimens of  t h i s  con- 
f i g u r a t i o n  was below t h e  accep tab le  l e v e l .  The premature f a i l u r e  was 
due t o  l a c k  o f  s t r e n g t h  i n  t h e  weld. 

F a b r i c a t i o n  o f  Tes t  F i x t u r e s  

The tes t  f i x t u r e s  were f a b r i c a t e d  and i n s t a l l e d  i n  accordance 
w i t h  t h e  system des ign  a f t e r  approval  by the NASA-LeRC P r o j e c t  
Manager. 
and by t h e  Cold Flow Laboratory,  A f t e r  f a b r i c a t i o n ,  proof p re s su re  
o r  h y d r o s t a t i c  tests were accomplished t o  v e r i f y  f i x t u r e  s t r u c t u r a l  
i n t e g r i t y .  A l l  components and subsystems were then  cleaned t o  Mar t in  
Mar i e t t a  c l ean ing  s p e c i f i c a t i o n s  f o r  t h e  appropr i a t e  f l u i d  service. 
A f t e r  i n s t a l l a t i o n ,  a l l  f i x t u r e s  were f u n c t i o n a l l y  t e s t e d  t o  v e r i f y  
proper  ope ra t ion  and l e a k  checks were performed t o  v e r i f y  f i x t u r e  
i n t e g r i t y  and s u i t a b i l i t y  f o r  intended service. 

F a b r i c a t i o n  was accomplished by, the Engineer ing Model Shop 

Except f o r  a mod i f i ca t ion  requi red  f o r  t h e  tube  j o i n t  hea t  f l u x  
tes t ,  a n  e x i s t i n g  ca lo r ime te r  was used f o r  a l l  thermal  t e s t i n g .  
F a b r i c a t i o n  of s p e c i a l  tube  c o n t a i n e r s  t h a t  l imi t ed  t h e  a x i a l  tempera- 
t u r e  d i f f e r e n t i a l  between t h e  tube  and the environment were added t o  
t h e  program t o  o b t a i n  more adequate  thermal  da t a .  

F a b r i c a t i o n  Costs 

Future  s e l e c t i o n  of composite tubes  f o r  cryogenic  a p p l i c a t i o n s  
w i l l  be inf luenced  by f a b r i c a t i o n  c o s t s .  Using t h e  c o s t s  accrued 
du r ing  t h i s  program, inc lud ing  t o o l i n g ,  and o t h e r  non-recurr ing c o s t s ,  
the f i n a n c i a l  o b l i g a t i o n s  can  be es t imated .  For  c l a r i t y ,  t h e s e  c o s t s  
do n o t  i nc lude  q u a l i t y  c o n t r o l  o r  c l ean ing  and packaging a l though each 
w i l l  be requi red  i n  product ion  opera t ions .  Included i n  t h e  c o s t s  
a r e  l e a k  checks be fo re  and a f t e r  overwrapping, a proof test ,  and a l l  
f a b r i c a t i o n  c o s t s .  A q u a n t i t y  of 12 tubes  was chosen. 
i n g  t a b l e  summarizes t h e s e  c o s t s .  

The accompany- 
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Conclusions 

F igure  49 inc ludes  photographs of a l l  types  of  the f i n i s h e d  
assemblies .  N o  major problems a rose  dur ing  f a b r i c a t i o n  except  t hose  
a l r eady  noted. A l l  eleven remaining des igns ,  and t h e  concepts  t h a t  
t hey  employ a r e  usab le  and can be f a b r i c a t e d  wi th  a h igh  r e l i a b i l i t y .  

Recommendations 

There ex is t  s e v e r a l  items t h a t  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  
b u t ,  i n  t h e s e  s i z e s ,  t h e s e  i t e m s  can be resolved i n  a preproduct ion 
inves t iga t ion .  The i t e m s ,  regarding f a b r i c a t i o n ,  which merit ad- 
d i t i o n a l  a t t e n t i o n  include:  

1) 

2 )  A b i l i t y  t o  provide l eak  free s o l i d - s t a t e  bonding; 

3) 
4 )  Extension of f a b r i c a t i o n  m a t e r i a l s  i n t o  those  less 

A b i l i t y  t o  provide l e a k  f r e e  r e s i s t a n c e  welding of  1 / 2  in. 
diameter  (1.27 cm)  l i n e r s  t o  end f i t t i n g s ;  

Aesthetic improvement of  t h e  overwrap s u r f a c e  f i n i s h ;  

s u s c e p t i b l e  t o  hydrogen embri t t lement  t han  I n c o n e l  718; 
and,  

U s e  of  a more machinable a l l o y  t h a n  Incone l  718 for 
f i t t i n g s  , 

5)  

10 7 
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TASK 111-TESTING 

The o b j e c t i v e s  of Task I11 were t o  (1) v e r i f y  t h e  s t r u c t u r a l  
i n t e g r i t y  of t h e  composite t es t  specimens, (2) e s t a b l i s h  t h e  
thermal  c o n d u c t i v i t y  of t h e  specimens i n  t h e  a x i a l  d i r e c t i o n  as 
a f u n c t i o n  of temperature,  and (3) e s t a b l i s h  a r e p r e s e n t a t i v e  
h e a t  f l u x  through t h e  test  specimen. 

T e s t  P l an  

To s a t i s f y  t h e  f i r s t  o b j e c t i v e  of Task 111, t h e  fol lowing 
test program was t o  be conducted: 

1) Burst  tests - Specimens of each des ign  were t o  be 
sub jec t ed  t o  b u r s t  tests a t  ambient, l i q u i d  n i t rogen ,  
and l i q u i d  hydrogen temperatures.  Two i d e n t i c a l  
specimens were t o  be t e s t e d  a t  each temperature;  

2) Cycle  tests - Specimens of each des ign  were t o  be 
sub jec t ed  t o  200 p r e s s u r e  and temperature  c y c l e s  
from ambient t o  o p e r a t i n g  temperature and from 
zero p s i g  t o  o p e r a t i n g  pressure.  Two i d e n t i c a l  
specimens were t o  be t e s t e d  a t  o p e r a t i n g  tempera- 
t u r e s  o f  ambient, -320OF (78OK), and -423OF (20'K)- 
The 2 and 5 i n .  (5.08 and 12.7 cm) specimens were 
t o  b e  cyc led  t o  an o p e r a t i n g  p r e s s u r e  of 200 p s i  
(138 N/cm2) and t h e  1 / 2  i n .  (1.27 cm) specimens 
were t o  be cycled t o  an ope ra t ing  p r e s s u r e  of 3000 
p s i  (2068 N/cm2) ; 

temperature  c y c l e  t e s t i n g ,  t h e  test specimens were 
t o  be p r e s s u r i z e d  t o  o p e r a t i n g  p r e s s u r e  a t  o p e r a t i n g  
temperature  and he ld  a t  t h e s e  c o n d i t i o n s  f o r  a pe r iod  
of 24 h r ;  

4) Torsion tes ts  - A f t e r  completing t h e  extended load 
tes t ,  r e p r e s e n t a t i v e  specimens w e r e  t o  b e  t o r s i o n -  
t e s t e d  by applying to rque  along t h e  c e n t e r l i n e  of 
t h e  specimen u n t i l  a f a i l u r e  of t h e  l i n e r  o r  g l a s s  
wrapping was ev iden t ;  and, 

5) Pos t cyc le  b u r s t  tests - The c y c l e  t e s t  specimens t h a t  
were no t  t o r s i o n  t e s t e d  were t o  be b u r s t  t e s t e d  a t  
t h e i r  r e s p e c t i v e  o p e r a t i n g  temperatures.  

3) Extended load tests - A f t e r  completing p r e s s u r e  and 
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The second o b j e c t i v e  o f  Task I11 was t o  determine t h e  
thermal c o n d u c t i v i t y  o f  t h e  composite test  specimens. T h i s  
w a s  t o  be accomplished by s u b j e c t i n g  a small  sample of each 
s i z e  tes t  specimen t o  a b a t h  of LN o r  LH a t  one end, a 
c o n t r o l l e d  h e a t  sou rce  a t  t h e  o t h e r  end, and measuring t h e  
h e a t  i npu t  o r  cryogen b o i l o f f  t o  e s t a b l i s h  t h e  h e a t  f l u x .  
Using t h i s  f l u x  and a measured temperature  d i f f e r e n c e  a c r o s s  
t h e  specimen, an  apparent  thermal  c o n d u c t i v i t y  was t o  be cal- 
c u l a t  ed. 

2 2 

The t h i r d  o b j e c t i v e  of Task I11 w a s  t o  determine t h e  h e a t  
f l u x  through t h e  t u b e / j o i n t  o f  r e p r e s e n t a t i v e  tes t  specimens. 
T h i s  o b j e c t i v e  was t o  be m e t  by a t e s t  method ve ry  s i m i l a r  t o  
t h e  thermal c o n d u c t i v i t y  tes t  except t h a t  a complete test  spec i -  
men would be used. 

The Task I11 t e s t i n g  was completed w i t h  no s i g n i f i c a n t  
d e v i a t i o n  from t h e  planned tes t  program. 

F a c i l i t y  and Ins t rumen ta t ion  

All t e s t i n g  performed dur ing  t h i s  program was conducted 
a t  t h e  Mart in  M a r i e t t a  Denver Div i s ion  f a c i l i t i e s .  Burst  and 
c y c l e  t e s t i n g  w a s  conducted a t  t h e  Cold Flow Laboratory and 
thermal  t e s t i n g  was conducted a t  t h e  Propuls ion Research Lab- 
o r  a t  o r y  . 

Each test  specimen was instrumented t o  provide b i a x i a l  
s t r a i n  measurement of the l i n e r  during b u r s t  and c y c l e  t e s t i n g .  
The s t r a i n  gages were bonded t o  t h e  o u t s i d e  o f  t h e  l i n e r  a t  t h e  
midpoint p r i o r  t o  applying t h e  g l a s s  overwrap. On p a r t i c u l a r  
t e s t  specimens, a d d i t i o n a l  s t r a i n  gages were mounted t o  measure 
t h e  s t r a i n  on t h e  i n s i d e  of t h e  l i n e r  and/or  t h e  o u t s i d e  o f  t h e  
g l a s s  overwrap. 

A thermocouple w a s  a l s o  mounted on each tes t  specimen f o r  
temperature  measurement. The thermocouple was i f i s t a l l e d  du r ing  
g l a s s  overwrapping p r i o r  t o  applying t h e  l a s t  l a y e r  o f  g l a s s .  
Add i t iona l  thermocouples w e r e  added t o  t h e  test  specimens t h a t  
were sub jec t ed  t o  thermal t e s t i n g .  These thermocouples were 
bonded t o  t h e  o u t s i d e  of t h e  g l a s s  overwrap. 

During b u r s t  t e s t i n g ,  t h e  f a i l u r e  p r e s s u r e  of each test  
specimen was determined by con t inuous ly  r e c o r d i n g  t h e  ou tpu t  
of a p r e s s u r e  t r ansduce r  mounted on one end of t h e  test  s p e c i -  
men. Burst  test  temperatures  were determined by r eco rd ing  t h e  
ou tpu t  of thermocouples l o c a t e d  i n  t h e  t e s t  environment p l u s  
the ou tpu t  of t h e  thermocouple mounted on one of t h e  fou r  tes t  
specimens. The p r e s s u r e  i n  t h e  test  specimens during c y c l e  
t e s t i n g  was determined by con t inuous ly  r eco rd ing  t h e  ou tpu t  of 
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pressure transducers mounted on the inlet and outlet manifolds. 
During cycle testing the temperatures in the system were deter- 
mined by recording the output of the thermocouples mounted on 
each test specimen plus the output of a thermocouple located at 
the inlet of each pair of test specimens or  on the tubing spool 
connecting the two specimens. 

For all burst tests the outputs of the pressure transducers, 
strain gages, and thermocouples were recorded on 6 channel San- 
born direct-writing recorders, During cycle testing, pressure 
and strain gage outputs were recorded on Sanborn recorders and 
thermocouple outputs were recorded by a Honeywell 24-channel 
multipoint recorder, 
and data acquisition system components is included as Appendix A. 

A detailed description of the transducers 

Preliminary Testing 

Concurrent with the Task I analysis effort, preliminary test- 
ing was performed to verify and supplement the analysis. These 
tests included thermal conductivity determination, helium permeation, 
fitting evaluations, overwrap gap determination, material tensile 
tests, and prototype liner burst tests. 

Thermal conductivity tests for hollow glass fibers. - A 
limited test was conducted to obtain thermal conductivity data 
for a composite structural material of hollow glass fibers 
in an epoxy matrix. The objective of the test was to determine 
if the thermal conductivity of the hollow glass composite was 
significantly less than that of S-glass composites. The speci- 
men configuration tested was a cylindrical tube section with 
glass fibers wrapped circumferentially. Two samples were tested 
at temperatures varying from 36 to 5000R (20 to 278OK). 

Analysis of the test data shows that there is no appreciable 
difference in thermal conductivity between hollow glass fiber 
composites and solid S-glass composites. 

Test method: After installation of the test equipment in the 
thermal test fixture discussed on page 184, the chamber was pumped 
down to approximately 10-4 torr (0.013 N/cm2). 
tank was then filled with liquid-hydrogen and the system allowed 
to cool for approximately 24 hr. This permitted the system to 
reach a cold equilibrium condition and, at this point, power was 
applied to the lower heater. A power setting estimated to produce 
a differential temperature across the sample of approximately 
30°R (16OK) was selected. Data were recorded every half hour 
until the temperatures of the system again stabilized. The power 
setting was then decreased to a value calculated to produce a 
differential temperature half that produced by the first power 

The heat sink 
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s e t t i n g .  Again, t h e  temperatures  of t h e  system were allowed t o  
s t a b i l i z e ,  w i t h  d a t a  taken every h a l f  hour. 

Data reduct ion:  The thermal c o n d u c t i v i t y  of t h e  specimen 
can be d i r e c t l y  c a l c u l a t e d  from t h e  s t e a d y - s t a t e  test  d a t a  (i.e.,  
s t e a d y  power i n p u t  and c o n s t a n t  end temperature) .  The t r a n s i e n t  
d a t a  obtained during t h e  warmup per iod were reduced w i t h  t h e  a i d  
of a computer program t h a t  i n c l u d e s  c o r r e c t i o n s  and compensations 
f o r  energy l o s s e s  through l e a d  wires, e f f e c t s  of thermal masses, 
etc. 

Resu l t s :  The thermal c o n d u c t i v i t y  c a l c u l a t e d  from t h e  steady- 
s t a t e  d a t a  i n d i c a t e s  t h e r e  i s  no measurable d i f f e r e n c e  between 
hollow g l a s s - f i b e r  composites and s o l i d  S -g la s s - f ibe r  composites. 
For comparison, t h e  c a l c u l a t e d  thermal c o n d u c t i v i t y  f o r  \hollow 

g l a s s - f i b e r  composite i s  0.038 B!MJ 
f t  hroR 0.00046 - ' ) a t  59'R 

m°K 

(33OK). 
f i b e r  composite of 0.039 f t  hrOR (,.00047 ") a t  59'R (33OK) 

This  compares w i t h  a thermal c o n d u c t i v i t y  of S-glass-  

m% 
d i scussed  i n  r e f e r e n c e  10. S ince  i n  a l l  p r o b a b i l i t y  t h e  thermal 
c o n d u c t i v i t i e s  of t h e  two composites w i l l  b e  s imi la r  a t  a l l  temp- 
e r a t u r e s ,  n e i t h e r  composite o f f e r s  a thermal  advantage. 

Helium permeation tes t .  - A 0.002-in. (0.005 cm)  t h i c k  s t a i n -  
less steel  l i ne r  which had been resistance-welded t o  form a 1.25 i n .  
(3 .2  c m )  d iameter  t u b e ,  and t h e n  resistance-welded t o  modified conoseal  
end f i t t i n g s ,  was sub jec t ed  t o  a helium permeation test .  The purpose 
of t h e  tes t  was t o  determine i f ,  under prolonged exposure t o  p re s su r i zed  
helium, t h e  helium would permeate t h e  t h i n  me ta l  tube,  A t  t h e  end 
of a two week t e s t  per iod,  no permeation was sensed by a helium mass 
spectrometer  w i t h  a s e n s i t i v i t y  o f  3 x 10-1O s c c / s e c  of helium. 

F i t t i n g  e v a l u a t i o n  tests.  - A p re l imina ry  test program was 
conducted t o  e v a l u a t e  t h e  leakage c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  
end f i t t i n g s  and seals' a t  cryogenic  temperatures .  The o b j e c t i v e s  
of t h e  t es t  were t o  (1) determine t h e  c a p a b i l i t y  of t h e  j o i n t s  t o  
provide e s s e n t i a l l y  zero leakage when p r e s s u r i z e d  w i t h  helium t o  
o p e r a t i n g  p r e s s u r e  a t  ambient and cryogenic  temperatures,  and (2) 
e s t a b l i s h  t h e  r e t o r q u e  requirements  f o r  t h e  j o i n t s .  

Test equipment: The end f i t t i n g s  and seal  combinations t h a t  
were sub jec t ed  t o  t h e  p re l imina ry  e v a l u a t i o n  test a r e  desc r ibed  i n  
Table  21. 
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TABLE 21. - EVALUATION TEST JOINTS 

J o i n t  d e s c r i p t i o n  

‘-Band conoseal  

?ASA flange-150 l b  

&A flange-150 l b  

LPCO f l a n g e  

IASA flange-150 l b  

S A  flange-150 l b  

,PCO f l a n g e  

LN f i t t i n g  

S i z e  

i n .  

6 

5 

5 

2 

2 

3 /4 

c m  

15.2 

12.7 

12.7 

6.35 

5.08 

5.08 

1.9 

1.27 

Sea l  t ype  

C ono s ea 1 

F l a t  gaske t  

F 1 exa t a 1 l i c  
gaske t  

De l t a  r i n g  

F l a t  gaske t  

F 1 exa t a 1 l i c  
gaske t  

D e l t a  r i n g  

D e l  s e a l  

Sea 1 material  

Aluminum, s t a i n l e s s  
s teel  

1100 Dead s o f t  
a 1 um i num 

S t a i n l e s s  s teel  
and Te f lon  

Aluminum, s t a i n l e s s  
s t ee l  

1100 Dead s o f t  
aluminum 

S t a i n l e s s  s t ee l  
and Teflon 

Aluminum, s t a i n l e s s  
s tee 1 

Aluminum, c e p p e r  

The j o i n t s  t o  be t e s t e d  were assembled i n  t h e  tes t  f i x t u r e  a s  

2 
shown i n  f i g .  50. The 2 and 5 i n .  (5 .08 and 12.7 cm) j o i n t s  were 
t e s t e d  s imultaneously a t  an o p e r a t i n g  p r e s s u r e  of 200 p s i  (138 N/cm ) .  
The 3 /4  and 1 / 2  i n .  (1.9 and 1.27 cm) j o i n t s  were t e s t e d  a t  an ope ra t -  
i ng  p r e s s u r e  of 3000 p s i  (2068 N/cm2) .  

T e s t  procedure: Before assembly, t h e  s e a l i n g  s u r f a c e s  o f  each 
f i t t i n g  and sea l  were inspec ted  f o r  v i s i b l e  s i g n s  of poor workmanship 
o r  handl ing damage. The j o i n t s  were then assembled i n  accordance 
w i t h  t h e  manufacturers  recommendations o r  s t anda rd  p r a c t i c e s .  The 
system w a s  t hen  p r e s s u r i z e d  w i t h  gaseous helium t o  o p e r a t i n g  p r e s s u r e  
and leak-checked w i t h  a helium mass spectrometer  u s ing  t h e  probe tes t  
method. Af t e r  completing t h e  ambient leak-checks, t h e  j o i n t s  were 
cooled down and s t a b i l i z e d  a t  cryogenic  temperature  by flowing l i q u i d  
n i t r o g e n  through t h e  system. Each j o i n t  w a s  t hen  helium-leak-checked 
a t  c o l d  temperature.  The system was then  warmed up t o  ambient temp- 
e r a t u r e  by purging w i t h  gaseous n i t r o g e n  and t h e  helium l eak  check 
was r epea ted .  The to rque  on t h e  f l a n g e  b o l t s  and/or AN f i t t i n g s  was 
then  checked t o  determine i f  t h e  b o l t s  had loosened. The b o l t s  and/ 
o r  f i t t i n g s  were then  r e to rqued  and t h e  test sequence was r epea ted .  
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Resu l t s :  The r e s u l t s  of  t h e  eva lua t ion  test  of t h e  s e l e c t e d  
j o i n t s  a re  presented  i n  the fo l lowing  paragraphs: 

3 / 4  i n .  (1.90 cm) APCO f l ange .  - This  j o i n t  w a s  assembled 
wi th  t h e  f l a n g e  b o l t s  torqued evenly t o  275 i n . - l b  ( 3 1  N-m) . 
The j o i n t  was then sub jec t ed  t o  t h r e e  ambient and one co ld  p re s su re  
cyc le .  The j o i n t  showed a s l i g h t  leak  when p res su r i zed  co ld .  The 
j o i n t  was r e to rqued  and leak-checked a t  ambient and co ld  temperature  
w i t h  zero  leakage. The j o i n t  was then sub jec t ed  t o  f i v e  p r e s s u r e  
and temperature  cyc le s ,  followed by ambient and co ld  l eak  checks 
w i t h  zero  leakage. Bol t  t o rque  was checked and found t o  be  r e l axed  
t o  225 in . - lb  ( 2 5  N-m) . The j o i n t  was then  sub jec t ed  t o  an add- 
i t i o n a l  20 p res su re  and tempera ture  cyc le s .  Leak checks a t  ambient 
and co ld  temperature  a f t e r  t h e  t e n t h  and t w e n t i e t h  cyc le s  showed 
zero  leakage. The performance of t h i s  j o i n t  was cons idered  sa t i s -  
f a c t o r y  and t e s t i n g  was d iscont inued .  

1 / 2  i n .  (1.27 cm) AN f l a r e d  f i t t i n g .  - This  f i t t i n g ,  assembled 
without  a D e l  s e a l ,  and torqued t o  the  maximum recommended torque  
of 750 i n . - l b  (85 N-m) p lus  one f l a t  on t h e  B-nut, would not  s e a l  
when p res su r i zed  t o  3000 p s i  (2068 N/cm2) w i t h  helium a t  ambient 
temperature .  Tes t ing  of t h i s  j o i n t  was t h e r e f o r e  d iscont inued .  

The 1 / 2  i n .  (1.27 cm) AN f i t t i n g  assembled w i t h  an aluminum 
D e l  s e a l  showed leakage a t  ambient temperature  when torqued t o  
t h e  maximum recommended to rque  of 750 i n . - l b  (85 N-m) p lus  one 
f l a t  of the B-nut. The f i t t i n g  was disassembled and t h e  s e a l i n g  
s u r f a c e s  of the union and f l a r e  were pol i shed .  The f i t t i n g  w a s  
t hen  reassembled w i t h  new D e l  s e a l s  and showed zero leakage a t  
ambient and co ld  temperature  when torqued a t  750 i n . - l b  (85 N-m) 
p lus  one f l a t .  The f i t t i n g  was then  sub jec t ed  t o  10 p res su re  and 
temperature  cyc le s  and showed leakage a t  ambient temperature .  The 
to rque  on t h e  f i t t i n g  was checked and found t o  be r e l axed  t o  650 
i n . - l b  (73  N-m). The f i t t i n g  was re torqued  but  t h e  leakage was 
not  stopped. Add i t iona l  t e s t i n g  of a new assembly showed tha t  
t h e  r e t o r q u i n g  ope ra t ion  a f t e r  p re s su re  and temperature  c y c l i n g  
would e l i m i n a t e  leakage a t  ambient temperature  but  no t  a t  c o l d  
temperature .  The t e s t i n g  of  t h i s  j o i n t  was d iscont inued .  

The 1 /2  i n .  (1.27 cm) AN f i t t i n g  assembled w i t h  a copper 
D e l  s e a l  showed zero  leakage when torqued a t  750 i n . - l b  (85 N-m). 
This f i t t i n g  showed a s l i g h t  l eak  a t  co ld  temperature  a f t e r  com- 
p l e t i n g  f i v e  p r e s s u r e  and temperature  cyc le s .  The torque  on t h e  
f i t t i n g  was checked and found t o  be  re laxed  t o  600 i n . l b  (68 N-m). 
The f i t t i n g  was re torqued  t o  750 i n . - l b  (85 N-m) and completed 
10 p r e s s u r e  and temperature  c y c l e s  w i t h  zero leakage and no f u r t h e r  
dec rease  i n  torque .  The performance of t h e  j o i n t  was cons idered  
s a t i s f a c t o r y  and t e s t i n g  was d iscont inued .  
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2% in .  (6.35 c m )  APCO flanpe.  .. T h i s  j o i n t  was assembled 
w i t h  a s t a i n l e s s  steel d e l t a  r i n g  s e a l ,  w i t h  275 i n . - l b  (31 N-m) 
b o l t  torque,  and t h e  j o i n t  was then  s u b j e c t e d  t o  p r e s s u r e  and 
temperature  cyc l ing .  After completing 10 p r e s s u r e  and temperature  

cles, t h e  j o i n t  showed a s l i g h t  l e a k  when leak-checked a t  c o l d  
mperature. Bol t  t o rque  was checked and found t o  be r e l axed  t o  

240 in.-lb (27 N-m). 
an  a d d i t i o n a l  10 p r e s s u r e  and temperature cycles, Leak checks a t  
ambient and c o l d  temperatures  showed z e r o  leakage. The performance 
of t h i s  j o i n t  was considered s a t i s f a c t o r y  and t e s t i n g  was discon-  
t i nued .  

The jo in t  was r e to rqued  and s u b j e c t e d  t o  

6 in .  (15.2 cm)  Conoseal. - T h i s  joint was assembled w i t h  a 
s t a i n l e s s  steel conoseal  gaske t  and t h e  clamp T-bolt  was torqued 
t o  170 in.- lb  (19 N-m). The j o i n t  was then sub jec t ed  t o  p r e s s u r e  
and temperature  cyc l ing .  After completing five p r e s s u r e  and temp- 
e r a t u r e  c y c l e s ,  t h e  to rque  on t h e  T-bolt  was checked and found t o  
be relaxed t o  150 i n . - l b  (17 N-m). The j o i n t  showed z e r o  leakage 
when leak-checked a t  ambient and cold temperature.  The unchanged 
j o i n t  was t h e n  s u b j e c t e d  to  10 a d d i t i o n a l  p r e s s u r e  and temperature  
c y c l e s .  Leak checks a t  ambient and cold temperatures  a f t e r  t h e s e  
c y c l e s  showed z e r o  leakage. The performance of t h i s  jo in t  was con- 
s i d e r e d  s a t i s f a c t o r y  and t e s t i n g  was discont inued.  

2 and 5 in .  (5 .08 and 12.7 c m )  ASA f l anges .  - These j o i n t s  
were assembled w i t h  F l e x a t a l l i c  gaskets  and t h e  f l a n g e  b o l t s  were 
torqued i n  accordance w i t h  vendor recommendations t o  provide t h e  
p rope r  gaske t  load,  The j o i n t  would n o t  s e a l  when p res su r i zed  

to rque  was then  inc reased  t o  t h e  maximum recommended v a l u e s  but  
t h e  j o i n t  s t t l l  d i d  not  s e a l .  Tes t ing  o f  t h i s  j o i n t  was t h e r e -  
f o r e  d i scon t inued .  

w i t h  helium a t  200 p s i  (138 N/cm 2 ) and ambient temperature.  Bo l t  

2 and 5 i n .  (5.08, and 12.7 cm) NASA f l anges .  - The configura-  
t i o n  of t h e s e  f l a n g e s  during i n i t i a l  testing was f u l l  f a c e  s e r r a t i o n  
[ll s e r r a t i o n s  on t h e  2 i n .  (5.08 cm) f l a n g e  and 14 s e r r a t i o n s  on 
t h e  5 i n .  (12.7 c m )  f lange.]  The f l a n g e s  were assembled w i t h  a 
1/8 i n .  (0.3 cm)  s o f t  aluminum (1100-0) gaske t  and t h e  f l a n g e  b o l t s  
w e r e  torqued evenly t o  360 i n . - lb  (41 N-m) f o r  t h e  2 in. (5.08 cm) 
and 540 i n , - l b  (61 N-m) f o r  t h e  5 in .  (12.7 c m )  j o i n t .  A f t e r  five 
p r e s s u r e  and temperature  c y c l e s ,  t h e  j o i n t s  leaked. The b o l t  t o rque  
was t h e n  inc reased  and t h e  p re s su re  and temperature  c y c l e s  w e r e  re- 
peated wi th  t h e  same r e s u l t s .  This  process  was r epea ted ,  i n c r e a s i n g  
t h e  b o l t  torque i n  increments t o  a maximum of 1,800 in.-lb (203 N-m). 
The j o i n t  showed leakage a f t e r  cyc l ing  a t  each  torque level. 
test  was repeated w i t h  new g a s k e t s  w i t h  s i m i l a r  r e s u l t s .  

The 
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The g a s k e t s  were then  modified by reducing t h e  o u t s i d e  d i a -  
meter so  t h e  gaske t  would c o n t a c t  on ly  fou r  of t h e  flarnge s e r r a t i o n s .  
The j o i n t s  were assembled w i t h  t h e  modified g a s k e t s  and t h e  f l a n g e  
b o l t s  were torqued t o  1,800 in . - lb  (203 N-m). The j o i n t s  were then  
sub jec t ed  t o  one pressure and temperature  c y c l e  and retorqued.  This  
process  w a s  repeated u n t i l  t h e  to rque  va lue  d i d  not  r e l a x  more than  
60 in . - lb  (7 N-m), a t o t a l  of f i v e  r e to rqu ing  o p e r a t i o n s ,  
were then  sub jec t ed  t o  16 p r e s s u r e  and temperature  c y c l e s  w i t h  z e r o  
leakage a t  ambient and cold temperature.  
j o i n t s  w a s  t hen  cbnsidered s a t i s f a c t o r y  and t e s t i n g  was discont inued.  

The j o i n t s  

The performance of t h e  

The r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  not  a l l  j o i n t  c o n f i g u r a t i o n s  
are a c c e p t a b l e ,  From previous d i s c u s s i o n s ,  however, it i s  noted 
t h a t  c o n f i g u r a t i o n s  s e l e c t e d  (see F ig ,  31) f o r  t h i s  program u t i l i z e  
sound j o i n t s  . 

Overwrap t e n s i o n  tests.  - A series of NOL r i n g s  were f a b r i -  
ca t ed  and t e s t e d .  The primary purpose of t h e  tes t  was t o  v e r i f y  
t h e  gap o r  i n t e r f e r e n c e  between t h e  g l a s s  and a n  i n f l e x i b l e  mandrel. 
The r i n g s  were wrapped on a 5.753 i n .  (14.613 cm) diameter  t h i c k  
walled s t a i n l e s s  s teel  cy l inde r .  One set of r i n g s  w a s  a l l  hoop 
wrap ,  3 l a y e r s  a t  16 t h r e a d s / i n c h  (6.3 threads/cm), and wrap  t e n s i o n  
varying from 2 l b  (8.9 N)  p e r  20 ends up t o  14 l b . ( 6 2  N)  p e r  20 
ends. 
wrap  w i t h  a s i n g l e  axial wrap  i n  between hoop l a y e r s  (3  t o t a l  l a y e r s ) .  
The th reads  per  i nch  and t e n s i o n  were t h e  same as t h e - o t h e r  set  of 
r ings .  

(367%), 2 h r  from 200 t o  350°F (367 t o  450 K ) ,  and 4 h r  a t  350 F 
( 450 K) .  A f t e r  cu re ,  t h e  mandrel was c o o l e d - i n  LN t o  remove t h e  
c y l i n d e r s .  Rings, 1/4 i n .  (0.64 cm) wide, were macgined from t h e  
c y l i n d e r s .  A photograph o f . t h e s e  r i n g s  i s  shown below, 

The o the r  set  of r i n g s  was a combination of-hoop and axial 

0 
A f t e r  winding, t h e  c y l i n d e r s  were ovenocured 2 h r  a t  200 Fo 
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The i n s i d e  diameter d a t a  can be used t o  determine t h e  i n t e r -  
f e r e n c e  f i t  b e t w q n  t h e  overwrap and a metal l i n e r ,  I n t e r n a l  
p r e s s u r e  i n  t h e  t h i n  l i n e r  may be used t o  o f f s e t  t h i s  i n t e r f e r e n c e ,  
o r  any p a r t  of i t ,  a f t e r  f a b r i c a t i o n .  For example, i f  a l l  hoop, 
6 l b  (27 N ) /  20 end t e n s i o n  was used, t h e  i n t e r f e r e n c e  would be 
0.003 i n  (0.008 c m )  on t h e  diameter.  If i n t e r n a l  p r e s s u r e  could 
be app l i ed  so t h a t  t h e  l i n e r  i s  s t r a i n e d  0.0015 i n .  (0.004 c m )  
a f t e r  overwrapping ( p r i o r  t o  c u r e ) ,  t hen  r e l i e f  of t h e  p r e s s u r e  
a f t e r  c u r e  would r e s u l t  i n  no gap o r  i n t e r f e r e n c e .  The sp r ing -  
back d a t a  i n  t h e  fol lowing t a b l e  is  a measurement of t h e  d i s t a n c e  
between t h e  ends of t h e  r i n g  a f t e r  t h e  r i n g  is  c u t  as shown. The 
minus s i g n  i n d i c a t e s  ove r l ap ,  

Spr ingback 

These d a t a  can be used t o  determine t h e  bending s t r e s s  i n  t h e  
ove r w  r a p a c cord i ng t o  

OBending 
= E €  

6 6 where E i s  approximately 9.0 x 10 p s i  ( 6 . 2  x 10 N/crn2) 

p s i  (4.8 x 10 6 6 2 
f o r  a l l  t h e  hoop r i n g s  and 7.0 x 10 

f o r  t h e  mixed r i n g s  

N'/cm ) 

and € = S t r a i n  = t (D l -D2)  

D1D2 

D 

r i n g  and D i s  t h e  diameter a f t e r  t h e  r i n g  i s  c u t .  

S ince  D i s  d i f f i c u l t  t o  measure, w e  can compute 

i t  as 

is t h e  o r i g i n a l  diameter  a t  t h e  midsurface of t h e  1 where 

2 

2 

D = D - (S  r i n  back 4- Cut Width) 
rr 2 l t  

where t h e  c u t  width i s  t h e  wid th  of t h e  Baw b l ade  which WBS 0.03 i n .  
(0.08 cm).  
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The following tables show the pertinent data on these rings. 

i 
A l l  hoop 

A l l  hoop 

A l l  hoop 

A l l  hoop 

Iooplaxia l/hoop 

Ioop/axial/hoop 

Iooop/axial/hoop 

loop/axial/hoop 

A1 1 hoop 

A l l  hoop 

A l l  hoop 

A l l  hoop 

Hoop/axial/hoop 

Hoop/axial/hoop 

Hoop/axial/hoop 

Hoop/axial/hoop 

Wrap Inside Springback 

of uncut rinp. Tension (lb.) diameter (in.) (inches) 

-0.55 I 5 * 7 5 4  I 2 

6 

10 

14 

2 

6 

10 

5.750 

5 e 746 

5.743 

5.753 

5.750 

5.747 

-0.55 

-0.76 

~ 0 . 9 8  

-0.84 

-1.10 

-1.37 

14 I 5.744 I -1.46 

Wrap 
Tension (N) 

9 

27 

44 

6 2  

9 

27 

44 

6 2  

Inside dia- 
ameter (cm) 
of uncut riq 

14.615 

14.605 

14.595 

14.587 

14.613 

14..605 

14.597 

14.590 

Springback 
( cm) 

-1.40 

-1.40 

-1.93 

-2.49 

-2.13 

-2.79 

-3.48 

-3e71 

2, 
Bending 

Stress (N/cm , 

1120 

1050 

1470 

1900 

1260 

1670 

2 100 

2250 
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M a t e r i a l  t e n s i l e  tests. - A l i t e r a t u r e  s e a r c h  f o r  t h e  t e n s i l e  
p r o p e r t i e s  of u l t r a t h i n  metal f o i l s  was no t  s u c c e s s f u l .  I n  recog- 
n i t i o n  of t h e  theo ry  t h a t  s u r f a c e  c o n d i t i o n s  i n  t h i n  f o i l  may have 
a l a r g e  e f f e c t  on t h e  t e n s i l e  stress al lowables ,  a series of tests 
were performed t o  determine the des ign  a l lowab les .  Associated wi th  
t h e  base  me ta l  s t r e n g t n s ,  some informatibn r ega rd ing  weld s t r e n g t h s  
and mixed metal weld s t r e n g t h s  (weld 301 CRES t o  Inconel  718) w a s  
d e s i r e d .  The combinations of welding, h e a t  t r e a t i n g ,  and mixed 
metal  welds were s e l e c t e d  as  t y p i c a l  of t h e  combinations t h a t  were 
t o  b e  used f o r  l i n e r  and f i t t i n g  f a b r i c a t i o n  i n  t h i s  c o n t r a c t .  

T e s t  specimens: A number of t e n s i l e  tes t  specimens were fab- 
r i c a t e d  us ing  bo th  r e s i s t ance -we ld ing  and fusion-welding techniques.  
The resis tance-welded specimens a r e  l i s t e d  i n  t a b l e  22 and t h e  
c o n f i g u r a t i o n  o f  t h e s e  specimens i s  shown i n  f i g .  51. The fusion-  
welded specimens a r e  l i s t e d  i n  t a b l e  23 and t h e  c o n f i g u r a t i o n  of 
t h e s e  specimens i s  shown i n  f i g .  52. Specimens of t h e  pa ren t  metals 
were a l s o  t e s t e d  t o  provide a b a s i s  f o r  comparison. 

T e s t  r e s u l t s :  The tes t  program f o r  Incone l  718 included 
annealed and h e a t - t r e a t e d  specimens i n  fusion-welded, r e s i s t a n c e -  
welded, and base  me ta l  conf igu ra t ions .  The i n d i c a t e d  y i e l d  stress 
( t h e  a r e a  of i n t e r e s t  i n  t h i s  program), under properly c o n t r o l l e d  
h e a t - t r e a t  and aging, i n d i c a t e s  t h e  fusion-weld ( b u t t  weld, no 
f i l l e r )  w i l l  develoD more than  90% of t h e  base  me ta l  y i e l d  s t r e n g t h .  
The resis tance-weld (continuous spo t  welds) method r e s u l t s  i n  100% 
o f  t h e  base me ta l  s t r e n g t h  even i f  welded a f t e r  t h e  h e a t  t r ea tmen t ,  
A y i e l d  a l lowab le  of 160,000 p s i  (110,000 N/cm2)  and a n  u l t i m a t e  
t e n s i l e  a l lowable of 176,000 p s i  (121,000 N/cm2)  w i l l  be used f o r  
ambient temperature a l lowab les .  

The test  program f o r  301 CRES i n d i c a t e s  a cons ide rab le  re- 
d u c t i o n  i n  tensile s t r e n g t h  due t o  res is tance-welding (75% of 
base me ta l )  and an  even l a r g e r  r educ t ion  i n  tensile s t r e n g t h  a f t e r  
f u s i o n  welding (66% of base metal) .  A f t e r  f u s i o n  welding 301 CRES 
t o  Incone l  718, t h e  301 CRES f a i l e d  a t  54% of  base metal s t r e n g t h .  

The d a t a  for 21-6-9 CRES c o n t a i n s  c o n s i d e r a b l e  scatter, which 
was a t t r i b u t a b l e  t o  tes t  methods. A tensile a l lowab le  of 112,000 
p s i  (77 000 N / c m  ) seems a p p r o p r i a t e  even when jo ined  by f u s i o n  weld- 
ing [the f u s i o n  weld samples were t e s t e d  a s  t h e  t y p i c a l  "dog bone" 
c o n f i g u r a t i o n  wh i l e  t h e  o t h e r  d a t a  were ob ta ined  from s t r a i g h t  1 /2  
in .  (1,27 cm)  wide samples]. 

2 

The r e s u l t s  of  t h e  t e s t i n g  a r e  t a b u l a t e d  i n  t a b l e  24 and 25. 
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Proto type  l i n e r  b u r s t  test .  - Two e x i s t i n g  1.25 in. (3.2 c m )  
d iameter  tubes  were overwrapped w i t h  t h r e e  l a y e r s  of hoop-wound 
S/HTS g l a s s  w i t h  a 58-68R resin system and sub jec t ed  t o  a b u r s t  
tes t .  The purposes were t o  (1) determine i f  2 l b  (8.9 N )  o f  t e n s i o n  
f o r  20 ends r e s u l t e d  i n  a s a t i s f a c t o r y  overwrap conf igu ra t ion ,  (2) 
determine i f  2 l b  (8.9 N )  of  t e n s i o n  would c r u s h  a n  unsupported 
0.002 in. (0.005 c m )  t h i c k  l i n e r ,  (3) determine i f  2 l b  (8.9 N)  o f  
t ens ion  would c rush  a supported (by i n t e r n a l  GI? pres su re )  0.002 
in.  (0.005 c m )  t h i c k  l i n e r ,  (4) r e s o l v e  any f a b r i c a t i o n  problems, 
(5) determine t h e  b u r s t  p r e s s u r e  and f a i l u r e  mode, and (6) determine 
i f  cu re  temperatures  would c r e a t e  a buckl ing f a i l u r e  i n  t h e  l i n e r .  

2 

The f a b r i c a t i o n  and test  program was cons idered  v e r y  success fu l .  
The tube  t h a t  was overwrapped wi thout  i n t e r n a l  p re s su re  was bowed 
cons ide rab ly  dur ing  and a f t e r  overwrap i n  t h e  a r e a  of the l o n g i t u d i -  
n a l  r e s i s t a n c e  weld. The a d d i t i o n  o f  i n t e r n a l  p re s su re  dur ing  
winding and cure  e l imina ted  t h i s  bowing. The cu re  temperature  d id  
not  cause  any buckl ing o f  t h e  t h i n  l i n e r .  The b u r s t  p re s su res  o f  
t h e  t e s t  i t e m s  were 1150 and 1175 p s i  (793 and 810 N/cm2) .  
was a h y d r o s t a t i c ,  ambient temperature ,  test a t  a p re s su re  r ise  r a t e  
of  about 400 p s i  (276 N/cm2)  per  minute. The caTculated b u r s t  p res -  
s u r e  was 950 p s i  (655 N/cm2) without  cons ide r ing  any l o n g i t u d i n a l  
g l a s s  s t r e n g t h .  The a d d i t i o n a l  s t r e n g t h  i s  a t t r i b u t e d  t o  t h e  g l a s s  
bond and i t s  c o n t r i b u t i o n  t o  t h e  a l lowable  b u r s t  p re s su re .  The 
f a i l u r e  mode was a t  t h e  hoop r e s i s t a n c e  weld hea t - a f f ec t ed  zone (see 
f i g .  53 and 54) .  The d i sappo in t ing  f e a t u r e  of t h e  2 l b  (8.9 N )  
t ens ion j20  ends overwrap is a g e n e r a l l y  poor appearance.  The tube  
handl ing c h a r a c t e r i s t i c s  a r e  good and a t e c h n i c i a n  w i l l  n o t  damage 
t h e  l i n e r  w i th  normal handl ing abuse.  A s i d e  b e n e f i t  o f  t h e  t es t  was 
t h a t  t h e  one tube l i n e r ,  badly  wrinkled during l iner  f a b r i c a t i o n ,  
d i d  not  f a i l  a s  a r e s u l t  of  these’ wr inkles .  

Th i s  
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Burst  Tes t ing  

The s p e c i f i c  o b j e c t i v e s  of t h e  b u r s t  t e s t  program were t o  (1) 
v a l i d a t e  t h e  assumptions made du r ing  t h e  s t r u c t u r a l  a n a l y s i s ,  (2) 
determine and/or  compare t h e  e f f i c i e n c i e s  of t h e  f a b r i c a t i o n  methods 
inc lud ing  r e s i s t a n c e  welds, f u s i o n  welds, and s o l i d - s t a t e  bonding, 
( 3 )  determine the b u r s t  p r e s s u r e  of t h e  test  specimens a s  a f u n c t i o n  
of temperature,  and ( 4 )  v e r i f y  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  end 
j o i n t s .  

T e s t  f i x t u r e s .  - A schematic diagram of t h e  test  f i x t u r e  used 
f o r  ambient b u r s t  t e s t i n g  of  t h e  low p r e s s u r e  test  specimens i s  
shown i n  f i g .  55.  The test  specimen and t h e  u l l a g e  tank were in -  
s t a l l e d  i n  a v e r t i c a l  a t t i t u d e  w i t h  t h e  t o p  of t h e  u l l a g e  tank 
s l i g h t l y  higher  than t h e  t o p  of t h e  test  specimen, Vent va lves  
were i n s t a l l e d  on t h e  tops  of t h e  u l l a g e  t ank  and test  specimen t o  
b l eed  a i r  ou t  o f  t h e  system dur ing  water f i l l .  Gaseous n i t r o g e n  
from t h e  5000 p s i  (3447 N/cm2) f a c i l i t y  s t o r a g e  was used a s  t h e  
p r e s s u r i z a t i o n  medium. 

The tes t  f i x t u r e  used f o r  ambient b u r s t  t e s t i n g  of t h e  high- 
p r e s s u r e  test  specimens i s  shown schemat i ca l ly  i n  f i g .  56. The 
test specimen was i n s t a l l e d  i n  a ver t ica l  a t t i t u d e  so t h e  t o p  of 
t h e  specimen was lower than t h e  water level i n  t h e  water supply 
tank.  The f i t t i n g  a t  t h e  i n l e t  t o  t h e  instrumented gage was 
loosened t o  b l eed  t h e  a i r  out  of t h e  tes t  specimen dur ing  water 
f i l l .  The o r i g i n a l  design of t h e  test  f i x t u r e  used a h y d r o s t a t i c  
pump t o  i n c r e a s e  t h e  p r e s s u r e  i n  t h e  test  specimen. During t h e  
i n i t i a l  t e s t i n g ,  i t  was found t h a t  t h e  p r e s s u r e  r i se  r a t e  produced 
by t h i s  pump could no t  be adequately c o n t r o l l e d  when t h e  test  i t e m  
was l e a k  f r e e .  The h y d r z s t a t  pump was t h e r e f o r e  r ep laced  w i t h  a 
gas boos t e r  pump on which t h e  ou tpu t  p r e s s u r e  could be c o n t r o l l e d  
by r e g u l a t i n g  the supply p r e s s u r e .  Gaseous n i t r o g e n  was used a s  
t h e  p r e s s u r i z a t i o n  medium. 

A schematic of t h e  tes t  f i x t u r e  used f o r  a l l  cryogenic  b u r s t  
t e s t i n g  i s  shown i n  f i g .  57.  The test f i x t u r e  was designed t o  
permit t h e  simultaneous t e s t i n g  of four  test  specimens. The t e s t  
specimens were sepa ra t ed  by b a r r i e r s  so t h e  b u r s t i n g  of one specimen 
would no t  damage t h e  a d j a c e n t  specimens. The tes t  specimens were 
suspended from t h e  c r y o s t a t  l i d  i n  a v e r t i c a l  a t t i t u d e  w i t h  t h e  
p r e s s u r i z a t i o n  and p r e s s u r e  t r ansduce r  l i n e s  pas s ing  through t h e  
l i d .  I s o l a t i o n  valves were i n s t a l l e d  i n  t h e  p r e s s u r i z a t i o n  l i n e s  
so one tes t  specimen could b e  p r e s s u r i z e d  t o  b u r s t  without  pres-  
s u r i z i n g  t h e  o t h e r  specimens. An o r i f i c e  and bypass valve were 
a l s o  i n s t a l l e d  i n  t h e  p r e s s u r i z a t i o n  l i n e  t o  a l low a h igh  gas flow 
i n t o  t h e  t es t  specimens du r ing  cool-down and f i l l  and t o  res t r ic t  
t h e  flow dur ing  p r e s s u r i z a t i o n .  Thermocouples were l o c a t e d  i n  t h e  
c r y o s t a t  t o  monitor l i q u i d  level during f i l l  and tes t ,  Gaseous 
n i t r o g e n  was used as t h e  p r e s s u r i z a t i o n  medium dur ing  tests a t  
l i q u i d  n i t r o g e n  temperature  and gaseous hydrogen was used as t h e  
p r e s s u r i z a t i o n  medium dur ing  tests a t  l i q u i d  hydrogen temperature.  
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T e s t  method. - The ambient b u r s t  tests of t h e  low-pressure test 
specimens were performed w i t h  the test specimens i n s t a l l e d  i n  t h e  
test f i x t u r e  as shown i n  f i g .  55. Before f i l l i n g  t h e  t e s t  specimen 
w i t h  water, t h e  system w a s  p r e s s u r i z e d  t o  o p e r a t i n g  p r e s s u r e  w i t h  
gaseous n i t r o g e n  and a l l  connect ions were bubble l e a k  checked. A l l  
l e aks  except t es t  specimen l e a k s  w e r e  r e p a i r e d  b e f o r e  proceeding. 
With t h e  o r i f i c e  bypass v a l v e  and t h e  vent  valves a t  t h e  t o p  of t h e  
test  specimen and u l l a g e  t ank  open, the system w a s  f i l l e d  w i t h  c l e a n  
demineral ized water through t h e  water f i l l  valve. The system was 
f i l l e d  t o  a g a s - f r e e  c o n d i t i o n  as evidenced by water flow from t h e  
top  of t h e  test specimen and t h e  t o p  of t h e  u l l a g e  tank. A l l  va lves  
were then  c losed  and t h e  p r e s s u r e  t r ansduce r  and s t r a i n  gages were 
balanced t o  zero output .  The in s t rumen ta t ion  r e c o r d e r s  were then  
c a l i b r a t e d ;  annotated w i t h  da t e ,  t es t  t i t l e ,  and test specimen 
s e r i a l  number; and s t a r t e d  a t  a c h a r t  speed of 2.5 mm/sec. The 
gaseous n i t r o g e n  p r e s s u r e  i n  the system was then  inc reased  a t  a 
c o n t r o l l e d  r ise r a t e  t o  ma in ta in  a s t r a i n  r a t e  not  exceeding 1% 
per minute, u n t i l  t e s t  specimen f a i l u r e  w a s  i n d i c a t e d  by v i s i b l e  
leakage o r  r u p t u r e .  The p r e s s u r e  i n  t h e  system was then  reduced 
t o  zero and t h e  test specimen was in spec ted  t o  determine the f a i l u r e  
mode. 

The ambient b u r s t  tes ts  of t h e  h igh -p res su re  specimens were 
performed wi th  t h e  tes t  specimens i n s t a l l e d  i n  t h e  t es t  f i x t u r e  as 
shown i n  f i g .  56. The b u r s t  tes ts  of the h igh -p res su re  tes t  spec i -  
mens were conducted us ing  t h e  same method as f o r  t h e  low-pressure 
specimens except t h a t  a gas  boos t e r  pump was used t o  i n c r e a s e  t h e  
p r e s s u r e  t o  the p o i n t  of f a i l u r e .  

The cryogenic  b u r s t  tests Qf both t h e  low-pressure and high- 
p r e s s u r e  t e s t  specimens were performed wi th  t h e  test  specimens 
i n s t a l l e d  i n  t h e  test f i x t u r e  as shown i n  f i g .  57.  The tes t  
method d i scussed  i n  t h e  fol lowing paragraphs i s  f o r  t e s t i n g  a t  
l i q u i d  n i t r o g e n  temperature  only.  The same procedure was followed 
f o r  t h e  t e s t i n g  a t  l i q u i d  hydrogen temperature  except t h a t  gaseous 
hydrogen was used as t h e  p r e s s u r a n t  gas and t h e  c r y o s t a t  t ank  was 
f i l l e d  w i t h  l i q u i d  hydrogen. 

A f t e r  i n s t a l l i n g  t h e  tes t  specimens i n  t h e  test  f i x t u r e  t h e  
system w a s  p r e s s u r i z e d  w i t h  gaseous n i t r o g e n  t o  o p e r a t i n g  p r e s s u r e  
and a l l  connect ions were bubble l eak  checked. A l l  l e aks  except  
test  specimen l e a k s  were r e p a i r e d  be fo re  proceeding. The c r y o s t a t  
l i d  w i t h  t h e  test specimens a t t a c h e d  was t h e n  mounted on the c r y o s t a t  
tank and t h e  test specimens were p res su r i zed  t o  approximately 25% 
of  o p e r a t i n g  p r e s s u r e  w i t h  gaseous n i t rogen .  
maintained i n  t h e  test specimens wh i l e  t h e  c r y o s t a t  tank w a s  f i l l e d  
w i t h  l i q u i d  n i t rogen .  As t h e  c r y o s t a t  f i l l e d ,  t h e  p r e s s u r a n t  gas  
i n  t h e  test specimens l i q u e f i e d  so t h a t  when the c r y o s t a t  t ank  was 
f u l l  t h e  test  specimen was submerged i n  and f i l l e d  w i t h  l i q u i d  
n i t rogen .  When t h e  system temperatures  were s t a b i l i z e d ,  t h e  p r e s s u r e  

Th i s  p r e s s u r e  was 
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i n  t h e  t e s t  specimens w a s  reduced t o  z e r o  so t h e  p r e s s u r e  t r ansduce r  
and s t r a i n  gage ou tpu t s  could be balanced t o  zero.  
valve, manifold v e n t  valve, and t h e  test  specimen i s o l a t i o n  v a l v e s  
were c losed  and t h e  in s t rumen ta t ion  r eco rde r s  were c a l i b r a t e d  and 
annotated.  The i s o l a t i o n  valve t o  one t e s t  specimen was t h e n  opened 
and t h e  system p res su re  w a s  i nc reased  a t  a c o n t r o l l e d  ra te  u n t i l  t h e  
test  specimen f a i l e d ,  
specimens had been t e s t e d .  The system p r e s s u r e  was then  decreased 
t o  ze ro  and t h e  c r y o s t a t  tank w a s  drained.  The tes t  specimens were 
then  in spec ted  t o  determine t h e  f a i l u r e  mode, 

The o r i f i c e  bleed 

This  sequence w a s  repeated u n t i l  t h e  fou r  

To reduce t h e  chances of system Leaks, t h e  t es t  f i x t u r e  was 
modified when t e s t i n g  t h e  high p r e s s u r e  t es t  specimens, 
completing t h e  cobl-down and f i l l  of t h e  t es t  specimens and c r y o s t a t  
tank by t h e  above procedure,  t h e  p r e s s u r i z a t i o n  l i n e  w a s  plumbed 
d i r e c t  from t h e  gas boos t e r  o u t l e t  t o  t h e  t e s t  specimen. The gas  
boos t e r  pump w a s  t hen  used t o  i n c r e a s e  t h e  p re s su re  i n  t h e  system 
u n t i l  t e s t  specimen f a i l u r e  occurred,  This procedure was repeated 
f o r  each of t h e  o t h e r  t h r e e  t e s t  specimens, 

A f t e r  

T e s t  r e s u l t s  and d i s c u s s i o n ,  - To p resen t  t h e  r e s u l t s  of t h e  
b u r s t  t es t  program, t h e  t e s t  specimens w i l l  be divided i n t o  t h r e e  
groups w i t h  r e s p e c t  t o  t h e  diameter of t h e  t e s t  specimens. The 
f i r s t  group of t es t  specimens t o  be discussed w i l l  c o n s i s t  of t h e  
1/2 in .  (1.27 c m )  diameter high-pressure t e s t  specimens. The 
second group of t e s t  specimens t o  be d i scussed  w i l l  c o n s i s t  of t h e  
2 in .  (5.08 c m )  diameter low-pressure t e s t  specimens. The t h i r d  
group of t e s t  specimens t o  be discussed w i l l  c o n s i s t  of t h e  5 in.  
(1.27 cm) diameter low-pressure t es t  specimens, 

The change i n  s l o p e  of t h e  s t r a i n  r ead ings  f o r  t h e  2 in .  (5.08 
e m )  and 5 i n .  (12.7 c m )  diameter tubes can be a t t r i b u t e d  t o  c l o s i n g  t h e  
gap between t h e  l i n e r  and t h e  overwrap. This  s l o p e  change is p r e s e n t  
i n  t h e  cryogenic  t e s t i n g  only,  confirming t h e  absence of a gap a t  am- 
b i e n t  temperatures ,  The e m p i r i c a l  gap was t h e  same magnitude as t h e  
c a l c u l a t e d  gap. Any gap i n  t h e  1/2 in,, (1,27 c m )  diameter tubes w a s  
no t  ev iden t  i n  t h e  d a t a ,  

Out of t h e  f i r s t  group of 48 high-pressure test specimens, 43 
specimens were sub jec t ed  t o  b u r s t  tests and 5 specimens were sub- 
j e c t e d  t o  t o r s i o n  t e s t s ,  The r e s u l t s  of t h e  t o r s i o n  tests are 
d i scussed  i n  a la ter  s e c t i o n .  
were sub jec t ed  t o  b u r s t  t e s t s  w i t h  no o t h e r  s t r u c t u r a l  t e s t i n g  
performed and t h e  remaining specimens were b u r s t  t e s t e d  a f t e r  being 
sub jec t ed  t o  p re s su re  and temperature  c y c l i n g  and extended load 
tests. The r e s u l t s  o f  t h e  b u r s t  tests on each des ign  are t a b u l a t e d  
i n  t a b l e  26 through 29 and t h e  average p r e s s u r e  vs s t r a i n  a t  t h e  
t h r e e  t e s t  temperatures f o r  each des ign  are p l o t t e d  on f i g ,  58 
through 61. The p r e s s u r e  v s  s t r a i n  curves r e f l e c t  t h e  average 
va lues  a t  f a i l u r e  of a l l  specimens t e s t e d  a t  each temperature.  

Twenty-four of t h e  t es t  specimens 
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The primary f a i l u r e  mode f o r  t h e  f i r s t  group o f  test specimens 
w a s  determined t o  be leakage f a i l u r e .  A leakage f a i l u r e  occured 
when t h e  gas boos t e r  pump, because of i t s  ve ry  low volumetr ic  out-  
put  and pumping speed, was unable  t o  i n c r e a s e  t h e  system p r e s s u r e  
f a s t e r  t han  it leaked o f f .  The s p e c i f i c  l o c a t i o n  of t h e  l e a k s  was 
n o t  determined because i n  no c a s e  d i d  f a i l u r e  occur a t  less than  
two t i m e s  t h e  des ign  o p e r a t i n g  p res su re .  The f a i l u r e  modes f o r  
each des ign  i n  t h e  f i r s t  group of t es t  specimens a r e  p re sen ted  i n  
the fol lowing paragraphs: 

CFL6300605, 1 / 2  i n .  (1 .27 cm) ,  f l a r e d  tube: Two t e s t  spec i -  
mens were t o r s i o n  t e s t e d  and s i x  f a i l e d  due t o  leakage. Of t h e  
four  remaining specimens, t h e  r e s i s t a n c e  weld j o i n i n g  t h e  l i n e r  
t o  t h e  end f i t t i n g  adap te r  f a i l e d  due t o  i n s u f f i c i e n t  weld pen- 
e t r a t i o n  on two of t h e  tubes .  Typical  f a i l u r e  is shown in- f ig ,  62, 

F i g .  62. - F a i l u r e  Mode, CFL6300605 

CFL6300606, 1 / 2  i n .  (1.27 cm), b u t t  weld: F i v e  specimens 
f a i l e d  due t o  leakage. F i v e  specimens f a i l e d  due t o  l i n e r  f a i l u r e  
i n  t h e  h e a t - a f f e c t e d  zone ad jacen t  t o  t h e  r e s i s t a n c e  weld j o i n i n g  
t h e  l i n e r  t o  t h e  end f i t t i n g  adap te r .  Th i s  f a i l u r e  i s  shown i n  
f i g .  63. Two specimens showed no evidence of f a i l u r e  when pres-  
s u r i z e d  t o  t h e  maximum c a p a b i l i t y  of t h e  t es t  f i x t u r e .  

CFL6300607, 1 / 2  i n .  ( 1 . 2 7  cm), f l a t  f langed: Two tes t  speci-  
mens were t o r s i o n  t e s t e d  and fou r  f a i l e d  due t o  leakage. F i v e  
specimens f a i l e d  due t o  l i n e r  f a i l u r e  a t  t h e  i n s i d e  edge of t h e  
f l a n g e  (see f i g .  64).  The remaining t e s t  specimen showed no 
evidence of f a i l u r e  when p r e s s u r i z e d  t o  t h e  maximum c a p a b i l i t y  
of t h e  t e s t  f i x t u r e .  
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Fig. 63. - F a i l u r e  Mode, CFL6300606 
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CFL6300608, 1 / 2  i n .  (1.27 cm), CRES f l a r e d :  One tes t  speci-  
men was t o r s i o n  t e s t e d  and seven f a i l e d  due t o  leakage. On two 
t e s t  specimens the resis tance-weld j o i n i n g  t h e  l i n e r  t o  t h e  end 
f i t t i n g  adap te r  f a i l e d  due t o  i n s u f f i c i e n t  weld p e n e t r a t i o n  (similar 
t o  f i g .  63) .  The two remaining t e s t  specimens (S/N's 37 and 43) 
f a i l e d  a t  t h e  c e n t e r  of t h e  tube  a t  t h e  p o i n t  where a s t r a i n  gage w a s  
bonded t o  t h e  l i n e r .  This f a i l u r e  is shown i n  f i g .  65. The d a t a  
s c a t t e r  a t  ambient temperature is a t t r i b u t e d  t o  load t r a n s f e r  from 
t h e  l i n e r  t o  t h e  overwrap as a r e s u l t  of f r i c t i o n .  This load t r a n s f e r  
i s  i n d i c a t e d  by t h e  a c t u a l  b u r s t  p re s su res  being higher  t han  t h e  
c a l c u l a t e d  'burs t  p re s su re .  

F i g ,  65. - F a i l u r e  Mode on LTwo CFL6300608 Tubes 

Out of t h e  second group of 48 low-pressure t es t  specimens, 
44 specimens were sub jec t ed  t o  b u r s t  tes ts  and 3 were sub jec t ed  
t o  t o r s i o n  t e s t s ,  The remaining specimen, CFL6300612-S/N 93 w a s  
destroyed a f t e r  completing p res su re  and temperature  c y c l i n g  
t e s t i n g .  Twenty four  of t h e  tes t  specimens were sub jec t ed  t o  
b u r s t  t e s t i n g  w i t h  no o t h e r  s t r u c t u r a l  t e s t s  being performed and 
t h e  remaining specimens were sub jec t ed  t o  b u r s t  tes ts  a f t e r  com- 
p l e t i n g  p r e s s u r e  and temperature c y c l i n g  and extended load tes ts .  
The r e s u t s  of t h e  b u r s t  t e s t s  on each des ign  are given i n  t a b l e s  
30 through 33 and t h e  average p res su re  vs  s t r a i n  a t  t h e  t h r e e  
t e s t  temperatures  f o r  each des ign  a r e  p l o t t e d  i n  f i g .  66 through 
69. The p r e s s u r e  vs  s t r a i n  curves  r e f l e c t  t h e  average va lues  a t  
f a i l u r e  of a l l  specimens t e s t e d  a t  each temperature.  

When t e s t i n g  t h e  low p res su re  t e s t  specimens, t h e  p re s su re  
c a p a b i l i t i e s  of t h e  t e s t  f i x t u r e s  made it p o s s i b l e  t o  p r e s s u r i z e  
t h e  specimens t o  b u r s t  f a i l u r e  even though leakage may have occured 
be fo re  b u r s t .  The f a i l u r e  modes f o r  each des ign  i n  t h e  second 
group of t es t  specimens are presented i n  t h e  fol lowing paragraphs:. 
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CFL6300609, 2 i n ,  (5 .08  cm) b u t t  weld: A l l  12 specimens of 
t h i s  des ign  were p res su r i zed  t o  a b u r s t  f a i l u r e ,  The f a i l u r e  
f o r  a l l  specimens was due t o  l i n e r  f a i l u r e  i n  the hea t - a f f ec t ed  
zone ad jacent  t o  t h e  r e s i s t a n c e  weld j o i n i n g  t h e  l i n e r  t o  the 
end f i t t i n g  adap te r ,  This  was t h e  expected mode of  f a i l u r e  and 
i s  shown i n  f i g .  70. 

F ig .  70. - F a i l u r e  Mode, CFL6300609 

CFL6300610, 2 i n ,  ( 5 , 0 8  cm) b u t t  weld: A l l  1 2  specimens of 
the des ign  were p res su r i zed  t o  a b u r s t  f a i l u r e .  The f a i l u r e  f o r  
a l l  specimens was due t o  l i n e r  f a i l u r e  i n  t h e  hea t - a f f ec t ed  zone 
ad jacen t  t o  t h e  r e s i s t a n c e  weld j o i n i n g  t h e  l i n e r  t o  t h e  end 
f i t t i n g  adap te r ,  This  f a i l u r e  i s  shown i n  f i g .  71 .  

CPL6300611, 2 i n ,  ( 5 * 0 8  cm) f l a t  f langed: Two specimens of  
t h i s  des ign  were t o r s i o n  t e s t e d ,  The remaining 10 specimens w e r e  
p re s su r i zed  t o  a b u r s t  f a i l u r e .  The f a i l u r e ' o f  a l l  specimens was 
due t o  l i n e r  f a i l u r e  i n  t h e  hea t - a f f ec t ed  zone ad jacen t  t o  t h e  
fus ion  weld j o i n i n g  t h e  l i n e r  t o  t h e  end f i t t i n g .  This  f a i l u r e  
i s  shown i n  f i g .  72. The d a t a  s c a t t e r  f o r  t h i s  des ign  can be  
a t t r i b u t e d  t o  inadequate  c o n t r o l  of  t h e  l i n e r  weld t o  t h e  end 
f i t t i n g  which r e s u l t e d  i n  varying weld pene t r a t ion ,  

CFL6300612, 2 i n ,  (5 ,08 cm) NASA f lange:  Af t e r  f a b r i c a t i n g  
and t e s t i n g  one specimen of  this design,  it was determined t h a t  
the fusion-weld j o i n i n g  t h e  l i n e r  t o  t h e  end f i t t i n g  was of  i n -  
s u f f i c i e n t  s t r e n g t h .  Th i s  specimen was t h e r e f o r e  redes igned  t o  
inco rpora t e  a s o l i d - s t a t e  bondfng technique t o  j o i n  t h e  l i n e r  t o  
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Fig.  71. - F a i l u r e  Mode, CFL6300610 

F ig ,  72. - F a i l u r e  Mode, CFL6300611 

t h e  end f i t t i n g s .  Eleven specimens of t h e  new des ign  were fab-  
r i c a t e d  and t e s t e d .  One specimen w a s  sub jec t ed  t o  t o r s i o n  tes t ,  
and one specimen was destroyed i n  handl ing a f t e r  completing p res -  
s u r e  and temperature cyc l ing .  The nine remaining specimens were 
p res su r i zed  t o  a b u r s t  f a i l u r e .  The f a i l u r e  mode f o r  t heee  s p e c i -  
mens was l i n e r  f a i l u r e  a t  t h e  i n s i d e  edge of t h e  end f l a n g e  a s  
expected and i s  shown i n  f i g .  73. 
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Fig.  73. - F a i l u r e  Mode, CFL6300612 

The t h i r d  group o f  t e s t  specimens . cons i s t ed  of t h r e e  des igns  
w i t h  1 2  specimens of each des ign  and one des ign  w i t h  two specimens. 
Out of t h i s  group of 38 low-pressure tes t  specimens, 33 were sub- 
j e c t e d  t o  b u r s t  test  and two were t o r s i o n  t e s t e d ,  One of t h e  
t o r s i o n  test specimens was b u r s t  t e s t e d  a f t e r  completing t o r s i o n  
t e s t i n g ,  Three specimens were damaged i n  t h e  c y c l e  t e s t  f i x t u r e  
b e f o r e  test  and one specimen had t h e  f l a n g e s  removed t 
a thermal c o n d u c t i v i t y  tes t  specimen. Twenty of t h e  test  spec i -  
mens were sub jec t ed  t o  b u r s t  t e s t i n g  w i t h  no o t h e r  s t r u c t u r a l  
tests being performed, and t h e  remaining specimens were sub jec t ed  
t o  b u r s t  tests a f t e r  completing p r e s s u r e  and temperature  c y c l i n g  
and extended load tests. The r e s u l t s  o f  t h e  b u r s t  tests on each 
des ign  a r e  given i n  t a b l e s  34 through 37 and t h e  average p r e s s u r e  
vs s t r a i n  a t  t h e  t h r e e  t es t  temperatures  f o r  each design are  p l o t t e d  
i n  f i g .  74 through 77. The p r e s s u r e  vs s t r a i n  curves  r e f l e c t  t h e  
average v a l u e s  a t  f a i l u r e  o f  a l l  specimens t e s t e d  a t  each tempera- 
t u r e ,  
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The f a i l u r e  modes f o r  each des ign  i n  t h e  t h i r d  group of test 
specimens are presented  i n  t h e  fo l lowin  

CFL6300613, 5 in, (12.7 cm) b u t t  weld: One apecimen of this 
design,  S/N 106, was a c c i d e n t l y  overpressur ized  a t  t h e  beginning 
of pressure  and t pe ra tu re  cyc le  t e s t i n  e 

eurized t o  a b u r s t  f a i l u r e ,  The f a i l u r e  mode 
The remaining t e s t  

due t o  l i n e r  f a i l u r e  i n  t h e  hea t - a f f ec t ed  
tance  weld j o i n i n  he l i n e r  t o  t h e  end 

This  f a i l u r e  is shown i n  

t o  t o r s i o n  



b u r s t  p re s su re  on t h i s  des ign  was less than  twice t h e  d e s i g n  o p e r a t -  
i ng  p res su re .  The f a i l u r e  was due t o  l i n e r  f a i l u r e  a t  t h e  i n s i d e  
edge of t h e  f l ange ,  A s  t h e  l i n e r  s t r a i n e d  i n  the  a x i a l  d i r e c t i o n ,  
t h e  g l a s s  pu l l ed  away from t h e  f l a n g e  l eav ing  t h e  l i n e r  unsupported 
i n  t h i s  a r e a .  This  f a i l u r e  i s  shown i n  f i g .  79. This des ign  w a s  
changed t o  inc lude  a doubler t h a t  extended o u t  p a s t  t h e  edge of t h e  
f l ange .  The doubler  was f l a r e d  s l i g h t l y  t o  prevent  damage t o  t h e  
l i n e r  du r ing  assembly. F a i l u r e  of t h e  redesigned specimens was due 
t o  l o n g i t u d i n a l  l i n e r  f a i l u r e ,  This  f a i l u r e  i s  shown i n  f i g .  80, 

Fig.  79. - F a i l u r e  Mode, CFL6300615 

Fig,  80. - F a i l u r e  Mode, CFL6300615, Redesign 
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CFL6300616, 5 i n .  (12,7 cm) s t r a p  f lange:  Two specimens of 
t h i s  des ign  were f a b r i c a t e d  and t e s t e d .  These specimens f a i l e d  
a t  a p r e s s u r e  j u s t  over o p e r a t i n g  p r e s s u r e  due t o  i n s u f f i c i e n t  
s t r e n g t h  i n  t h e  fus ion  weld j o i n i n g  t h e  l i n e r  t o  t h e  end f i t t i n g  
(see f i g .  81). This  des ign  was. t h e r e f o r e  cance l l ed  from t h e  test  
program. 

F ig .  81. - F a i l u r e  Mode, CFL6300616 

Pressure-Temperature Cycle  and Extended Load Tes t  

The o b j e c t i v e  of t h i s  test program w a s  t o  i n v e s t i g a t e  t h e  
f e a s i b i l i t y  of us ing  g l a s s - f i b e r  tub ing  i n  a cryogenic  system as  
tank p r e s s u r i z a t i o n  and p r o p e l l a n t  outf low plumbing, During t h e  
des ign  phase of t h e  test  program a f a t i g u e  l i f e  g o a l  o f  a t  l e a s t  
200 pressure- tempera ture  c y c l e s  was e s t a b l i s h e d .  The purpose of 
t h e  c y c l e  t e s t i n g  was t o  v e r i f y  t h a t  t h i s  des ign  goa l  had been 
achieved. 

T e s t  f i x t u r e s .  - A schematic of t h e  tes t  f i x t u r e  used f o r  t h e  
ambient c y c l e  test is  shown i n  f i g .  82. One end of t h e  test  spec i -  
mens was capped and t h e  o p p o s i t e  ends were manifolded toge the r  so 
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t h a t  a l l  specimens were p res su r i zed  s imultaneously.  The p r e s s u r i -  
z a t i o n  and v e n t - r a t e s  were c o n t r o l l e d  by t h r o t t l i n g  va lves  loca t ed  
a t  the i n l e t  and o u t l e t  of  t h e  manifold,  The p r e s s u r i z a t i o n  medium 
was gaseous n i t rogen  a t  ambient temperature .  

A schematic of t h e  test  f i x t u r e  used f o r  cryogenic  c y c l e  tests 
i s  shown i n  f i g .  83, Two i d e n t i c a l  specimens of each des ign  were 
mounted i n  series i n  a flow loop suspended from the vacuum chamber 
l i d .  The i n l e t  and o u t l e t  l i n e s  passed through t h e  l i d  t o  t h e  i n l e t  
and o u t l e t  manifolds,  r e s p e c t i v e l y .  An i s o l a t i o n  va lve  was i n s t a l l e d  
i n  the i n l e t  l i n e s  t o  c o n t r o l  flow through each loop. The n i t rogen  
gas  used a s  t h e  p r e s s u r i z a t i o n  medium w a s  precooled by flowing through 
a l i q u i d  n i t rogen  heat xqhanger be fo re  e n t e r i n g  the tes t  specimens. 

n i t r o g e n  temperature  was supp l i ed  from t h e  f a c i l i t y  s t o r a g e  system. 
Liquid hydrogen w a s  suppl ied  t o  t h e  tes t  f i x t u r e  from 1500-gal (5 .7  
m ) t ra i le rs .  The p r e s s u r i z a t i o n  r a t e  was c o n t r o l l e d  by an o r i f i c e  
i n  the p r e s s u r i z a t i o n  l i n e  and t h e  i s o l a t i o n  va lves  i n  each flow 
loop. The vent  r a t e  was c o n t r o l l e d  by a t h r o t t l e  va lve  i n  t h e  vent  
l i n e .  

The l i q u i d  n i t rogen  u s e  E t o  coo l  down t h e  t e s t  specimens t o  l i q u i d  

3 

Test method-ambient c y c l e ,  - Afte r  i n s t a l l i n g  t h e  test speci- 
mens i n  t h e  ambient cyc le  t es t  f i x t u r e ,  t h e  system was pressur ized  
t o  ope ra t ing  p res su re  wi th  gaseous n i t rogen ,  and a l l  test  f i x t u r e  
connect ions were l e a k  checked wi th  soap s o l u t i o n ,  A l l  leaks ex- 
c e p t  t e s t  specimen leaks were co r rec t ed  be fo re  proceeding wi th  t h e  
t e s t .  Each t e s t  specimen was then enclosed i n  a polyethylene bag, 
The system was then  pressur ized  t o  ope ra t ing  p res su re  w i t h  helium 
and each specimen was l eak  checked wi th  a helium mass spectrometer  
us ing  t h e  probe t e s t  method. Leakage w a s  recorded a t  30 second 
i n t e r v a l s  f o r  a 5-minute per iod t o  e s t a b l i s h  t h e  p r e t e s t  leakage 
rate of each test specimen. The p res su re  cyc le s  were performed 
by opening t h e  p r e s s u r i z a t i o n  va lve  and al lowing t h e  system pres- 
s u r e  t o  inc rease  t o  ope ra t ing  pressure ,  The i n l e t  t h r o t t l i n g  va lve  
was adj,usted so  t h a t  s t r a i n  rate of t h e  test specimens d id  not  ex- 
ceed l%/min, The p r e s s u r i z a t i o n  va lve  w a s  then  c losed  and t h e  vent  
va lve  was opened, The vent  rate was c o n t r o l l e d  by a d j u s t i n g  t h e  
o u t l e t  t h r o t t l i n g  va lve  as r equ i r ed ,  This  sequence was repea ted  
u n t i l  n ine  p re s su re  cyc le s  had been completed. On t h e  t e n t h  cyc le  
gaseous helium was used t o  p r e s s u r i z e  t h e  system and each specimen 
was a g a i n  l e a k  checked f o r  a 5-minute pe r iod ,  This  procedure w a s  
repea ted  wi th  a l e a k  check on every t e n t h  p r e s s u r e  c y c l e  u n t i l  a 
t o t a l  of 200 p res su re  c y c l e s  were completed, Af t e r  completing t h e  
f i n a l  l eak  check, t h e  tes t  specimens were subjec ted  t o  an extended 
load tes t  by p res su r i z ing  t h e  system t o  ope ra t ing  p res su re  and 
main ta in ing  t h e  pressure  for a 24 h r  per iod .  A t  t h e  end of t h e  
24 h r  per iod ,  t h e  tes t  specimens were aga in  l e a k  checked. 
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. - The test  specimens t h a t  had 
NASA f l anges  as end f i t t i n g s  were sub jec t ed  t o  a r e to rque  o p e r a t i o n  
be fo re  i n s t a l l a t i o n  i n  t h e  t es t  f i x t u r e .  This  ope ra t ion  cons i s t ed  
of assembling t h e  j o i n t s  and torquing  t h e  b o l t s  t o  t h e  s p e c i f i e d  
torque  va lue  then  cool ing  t h e  j o i n t s  by f lowing l i q u i d  n i t rogen  
through t h e  t e s t  specimen. The j o i n t  was then  r e tu rned  t o  ambient 
temperature  and t h e  b o l t s  were re torqued ,  
peated f o r  f i v e  c y c l e s ,  

This  ope ra t ion  was re- 

When t h e  t e s t  specimens were i n s t a l l e d  i n  t h e  cryogenic  c y c l e  
t es t  f i x t u r e  (fig.. 84 and S5>, a l l  connec t ions  i n s i d e  of  t h e  vacuum 
chamber, except  those  test specimen connect ions intended t o  be a 
p a r t  o f  t h e  t e s t ,  were seal welded t o  e l i m i n a t e  a l l  leakage i n t o  
t h e  chamber, except  t e s t  specimen leakage. The pressure- tempera ture  
c y c l e s  were performed by coo l ing  t h e  test  specimens t o  ope ra t ing  
temperature ,  p r e s s u r i z i n g  t o  ope ra t ing  p res su re ,  ven t ing  t h e  pres- 
s u r e  and warming t h e  specimen t o  ambient temperature .  The vacuum 
chamber w a s  evacuated b e f o r e  s t a r t i n g  t h e  cooldown and t h e  vacuum 
w a s  maintained throughout t h e  t es t ,  The test  specimens were cooled 
down by flowing Liquid n i t rogen  o r  l i q u i d  hydrogen from t h e  supply 
through t h e  i n l e t  manifold and the t e s t  specimens i n t o  t h e  o u t l e t  
manifold and an  o u t l e t  ven t ,  This  flow was continued u n t i l  a l l  
t e s t  specimens were s t a b i l i z e d  a t  ope ra t ing  temperature ,  The 
i s o l a t i o n  va lves  i n  t h e  t es t  i t e m  i n l e t  l i n e s  were ad jus t ed  so  t h a t  
a l l  specimens were cooled a t  n e a r l y  t h e  same rate ,  
specimens were s t a b i l i z e d  a t  ope ra t ing  temperature ,  t h e  cryogen 
flow was stopped and t h e  t e s t  specimens were p res su r i zed  t o  ope ra t ing  
p res su re  w i t h  co ld  gas .  The p r e s s u r i z a t i o n  va lve  was then  c losed  
and t h e  p re s su re  i n  t h e  t e s t  specimens was vented through t h e  vent  
va lve ,  The p r e s s u r i z a t i o n  and vent  rates were c o n t r o l l e d  so  as no t  
t o  exceed a t e s t  specimen s t r a i n  ra te  of l%/min, The tes t  specimens 

n i t rogen  from t h e  n i t rogen  h e a t e r  through t h e  i n l e t  manifold and t h e  
t es t  specimens i n t o  t h e  o u t l e t  manifold and ou t  t h e  ven t .  This  
sequence was repea ted  u n t i l  n ine c y c l e s  had been completed. On t h e  
t e n t h  cyc le  t h e  specimens were pressur ized  wi th  co ld  helium and a 
l e a k  check gas performed us ing  a helium mass spectrometer  connected 
to  t h e  vacuum chamber, The helium leakage i n t o  t h e  chamber was 
monitored f o r  a t i m e  per iod s u f f i c i e n t  t o  e s t a b l i s h  t h e  i n c r e a s e  
rate and/or  achieve  a s t e a d y  s t a t e  rate.. 
c y c l e s  were repea ted  wi th  a leak check on every t e n t h  c y c l e  u n t i l  
a t o t a l  of  200 cyc le s  were completed, Assuming a cons t an t  system 
s e n s i t i v i t y ,  t h e  leakage rate i n  scc/sec f o r  an  increment of  t i m e  
was monitored and compared t o  t h e  leakage rate observed on preceeding 
l eak  checks f o r  t h e  same increment of  t i m e ,  That is ,  i f  a f t e r  5 
minutes ,  t h e  leakage rate f o r  c y c l e  1 was 1 x 10-7 s c c / s e c  and after 
5 minutes on c y c l e  10 t h e  leakage rate w a s  1 x LO-7 scc / sec ,  then  i t  
was assumed t h e r e  was  no tube  degrada t ion ,  A t  t he  conclus ion  of  t h e  
200 cyc le s  each tube  was i n d i v i d u a l l y  l eak  checked and t h e  r e s u l t s  
were compared t o  t h e  r e s u l t s  of  t he  i n d i v i d u a l  tube  pretest l e a k  
check t o  v e r i f y  t h e  above assumptions,  

When t h e  t e s t  

rmed up t o  ambient temperature  by flowing ho t  gaseous 

The pressure- temperature  
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Inlet Manifold 

Fig. 84.  - Cryogenic Cycle  T e s t  F i x t u r e  

F ig .  85. - Tes t  Specimen I n s t a l l a t i o n  - Cryogenic Cycle  T e s t  
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T e s t  r e s u l t s  and d i scuss ion .  - The r e s u l t s  of t h e  l eak  checks 
performed a t  10 c y c l e  i n t e r v a l s  during a l l  pressure- temperature  
c y c l e  t e s t i n g  showed no i n c r e a s e  i n  t h e  leakage c h a r a c t e r i s t i c s  of 
any test  specimen as a r e s u l t  of t h e  200 pressure- temperature  cyc le s .  
The l e a k  checks a f t e r  c y c l i n g  v e r i f i e d  no s i g n i f i c a n t  change i n  
leakage r a t e s .  P l o t s  of pressure,  temperature  and s t r a i n  vs t i m e  
f o r  a t y p i c a l  c y c l e  on r e p r e s e n t a t i v e  test  specimens a r e  included 
a s  f i g .  86 through 89. All tubes s u c c e s s f u l l y  passed t h e  24-hr 
extended load test. R e s u l t s  of t h e  b u r s t  t es t  a f t e r  extended load 
are  included i n  t h e  b u r s t  test s e c t i o n .  

Torsion Tests 

The purpose o f  t h e  t o r s i o n  t e s t i n g  was t o  determine t h e  s t r e n g t h  
of t h e  test  specimens when sub jec t ed  t o  t o r s i o n a l  loading t h a t  may 
be encountered du r ing  assembly and i n s t a l l a t i o n  of p r e s s u r i z a t i o n  and 
p r o p e l l a n t  outf low l i n e s .  

T e s t  method and equipment. - To perform t h e  t o r s i o n  tests one 
end o f  t h e  test specimen was clamped i n  a f i x e d  p o s i t i o n  w i t h  t h e  
test specimen i n  a v e r t i c a l  a t t i t u d e .  
r ange  was then  a t t a c h e d  t o  t h e  f r e e  end of t h e  specimen so  t h a t  t o rque  
could be app l i ed  along t h e  c e n t e r l i n e  of t h e  t es t  specimen. During 
t h e  a p p l i c a t i o n  of torque, c a r e  was taken t o  a s s u r e  t h a t  no bending 
loads were imposed on t h e  t es t  specimen. 

A t o rque  wrench of t h e  proper 

T e s t  r e s u l t s  and d i scuss ion ,  - 
are  t a b u l a t e d  i n  t a b l e  38 and discussed i n  t h e  fol lowing paragraphs: 

The r e s u l t s  of t h e  to rque  tes t  

CFL6300605, 1/2 i n .  (1.27 cm), f l a r e d  tube: Two specimens of 
t h i s  design were sub jec t ed  t o  t h e  t o r s i o n  test .  The f a i l u r e  mode 
on bo th  specimens was a c i r c u m f e r e n t i a l  c r ack  i n  t h e  g l a s s  overwrap 
and a subsequent buckl ing of t h e  l i n e r .  
overwrap t o  t h e  l i n e r  remained i n t a c t .  T h i s  f a i l u r e  i s  shown i n  
f i g .  90. 

The end bond of t h e  g l a s s  

CFL6300607, 1/2 i n .  (1.27 cm), f l a t  f langed: Two specimens 
of t h i s  des ign  were s u b j e c t e d  t o  t h e  t o r s i o n  test. 
of t h e s e  specimens w a s  i d e n t i c a l  t o  t h a t  desc r ibed  above. 

The f a i l u r e  mode 

CFL6300608, 1 / 2  i n .  (1.27 Fm), CRES f l a r e d :  One specimen of 
The f a i l u r e  mode t h i s  des ign  were sub jec t ed  t o  t h e  torsion t es t ,  

on t h i s  specimen was i d e n t i c a l  t o  t h a t  desc r ibed  above. 

CFL6300611, 2 i n .  (5.08 cm), f l a t  flanged: Two specimens of 
t h i s  design was sub jec t ed  t o  t h e  t o r s i o n  test .  The f a i l u r e  mode 
on b o t h  specimens was buckl ing of the l i n e r  a f t e r  f a i l u r e  of t h e  
end bond between t h e  g l a s s  overwrap and t h e  l i n e r .  This  f a i l u r e  
i s  shown i n  f i g .  91. 
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90. - Tors ion  Failure Mode, 1/2 i n ,  (1.27 cm) Diameter Tube 

Fig. 91. - Torsion Failure Mode 2 in. (5.08 cm) Diameter Flat Flange 
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CFL6300612, 2 i n .  (5.08 cm) NASA f l ange :  One specimen of t h i s  
des ign  was sub jec t ed  t o  t h e  t o r s i o n  test .  The f a i l u r e  mode on t h i s  
specimen was a c i r c u m f e r e n t i a l  c r ack  i n  t h e  g l a s s  overwrap and a 
subsequent buckl ing o f  t h e  l i n e r .  Th i s  f a i l u r e  i s  shown i n  f i g .  92, 

F ig .  92 - Torsion F a i l u r e  Mode 2 in. (5.08 c m )  Diameter NASA Flange 

CFL6300615, 5 i n .  (12.7 cm) NASA f lange:  Two specimens of 
th i s  des ign  were sub jec t ed  t o  the t o r s i o n  tes t .  There w a s  no 
f a i l u r e  i n  e i t h e r  of t h e s e  tes t  specimens as a r e s u l t  of t h e  t o r s i o n  
test .  The a p p l i e d  torque, shown i n  t a b l e  38, was t h e  maximum allow- 
a b l e  f o r  personnel  s a f e t y .  
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TABLE 38 

TORSION TEST RESULTS 

T e s t  Specimen 
Desc r ip t ion  

P a r t  No. 

CFL6300605 

CFL6300605 

CFL6300607 

CFL6300607 

CFL6300608 

CFL6300611 

CFL6300611 

CFL6300612 

CFL6300615 

CFL6300615 

s /N 

8 

1 2  

32 

36 

44 

80 

84 

92 

128 

132 

Torque a t  F a i l u r e  
Ac tua l  I Predicteda 

in.-  lbs .  

480 

400 

288 

400 

180 

840 

660 

2160 

4200b 

4200b 

N-m in.- lbs. 

54 63 

45 63 

33 63 

45 63 

20 63 

95 5 25 

75 525 

244 5 25 

47 5b 1236 

47 5b 1236 

N-m 

7 

7 

7 

7 

7 

60 

60 

60 

140 

140 

a. P red ic t ed  va lues  were based on l i n e r  s t r e n g t h  on ly ,  The 
h ighe r  a c t u a l  va lues  are due t o  t h e  s h e a r  r e s i s t a n t  bond 
between t h e  g l a s s  overwrap and t h e  end f i t t i n g ,  

b . F a i l u r e  d i d  no t  occur.  
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Therma 1 Tes t ing  

The thermal  performances of  t ube  specimens was expe r imen ta l ly  
eva lua ted  i n  two series o f  thermal  tests, c o n s i s t i n g  o f  (1) s o l i d  
thermal  c o n d u c t i v i t y  de t e rmina t ion  of specimen segments a t  reduced 
t empera tu res  and (2) thermal  f l u x  measurement f o r  r e p r e s e n t a t i v e  
complete tube  specimens. 

S o l i d  thermal  c o n d u c t i v i t y  testing*- A test  series was conducted 
t o  measure t h e  effective thermal  c o n d u c t i v i t y  of t h e  w a l l s  of t h e  
composite tube f o r  each of t h e  t h r e e  specimen diameters .  
mens c o n s i s t e d  of s h o r t  segments c u t  from r e p r e s e n t a t i v e  completed 
test  specimens, and a r e  shown in  f i g u r e s  93 and 94. 

Thd s p e c i -  

T e s t  Equipment: An e x i s t i n g  test  appa ra tus  was used which had 
been s u c c e s s f u l l y  a p p l i e d  t o  measurement o f  t herma 1 c o n d u c t i v i t y  o f  
s i m i l a r  composite t ube  specimens a t  cryogenic  temperatures .  The 
dev ice  i s  shown schemat i ca l ly  i n  f i g .  95. 
chamber, a cryogen c o n t a i n e r  which serves a s  a h e a t  s i n k  and a shroud 
enclosed test a r e a .  
c o n t a c t  w i t h  t h e  h e a t  s i n k  on one end and a n  e l e c t r i c a l  r e s i s t a n c e  
h e a t e r  a n  t h e  o the r .  The i n s u l a t e d  shroud i s  p h y s i c a l l y  mounted t o  
t h e  h e a t  s i n k ,  and o p e r a t e s  n e a r  t h e  co ld  end temperature o f  t h e  
specimen. Znstrumentat ion provides  f o r  measurement o f  h e a t e r  power, 
temperatures  a t  each  end of the specimen and t h e  shroud, and l i q u i d  
level and p r e s s u r e  of the cryogen. 

It c o n s i s t s  o f  a vacuum 

The specimen t o  be t e s t e d  i s  mounted i n  thermal 

Because of t h e  l o w  expected thermal  f lux through t h e  specimen, 
and i t s  t u b u l a r  c o n f i g u r a t i o n ,  c a r e  is requ i r ed  i n  t h e  des ign  of t h e  
test t o  ach ieve  a n  a c c e p t a b l e  accuracy. 
c o n t r o l  the expected Specimen h e a t  f lux t o  a va lue  such t h a t  t h e  
ex t r aneous  b a . t  l o s s  would be a reasonably s m a l l  f r a c t t o n  o f  t h e  t o t a l ,  
When t h e  p r e d i c t e d  h e a t  fluxes through p a t h s  o t h e r  t h a n  t h e  specimen 
a r e  then s u b t r a c t e d  o u t ,  a s a t i s f a c t o r y  accuracy is obtained even 
though t h e  t a r e  h e a t  flux may d e v i a t e  somewhat from i t s  p r e d i c t e d  
va lue .  This argument l e a d s  t o  t h e  s e l e c t i o n  of a v e r y  s h o r t  s p e c i -  
men. However, t h e  effective l e n g t h  of t h e  specimen i s  n o t  the measured 
l e n g t h  o f  t h e  tube segment. The e f f e c t i v e  l e n g t h  is dependent on t h e  
thermal  c o n t a c t  between t h e  specimen and t h e  end f i t t i n g s ,  and becomes 
more d i f f i c u l t  t o  determine a c c u r a t e l y  a s  t h e  l e n g t h  is decreased and 
temperature  g r a d i e n t s  i n  t h e  v i c i n i t y  of t h e  end f i t t i n g s  inc rease .  
A s p e c i m n  l e n g t h  of 1 i n ,  (2.54 c m )  has  been found t o  provide a 
s a t i s f a c t o r y  compromise between the above cons ide ra t ions ,  and was 
s e l e c t e d  f o r  t h i s  program. 

The approach taken was t o  

To a t t a i n  a miiiimum h e a t  f Z u x  through pa ths  o t h e r  t h a n  t h e  speci- 
men t o  be eva lua ted ,  t h e  tube  is  i n s u l a t e d  i n t e r n a l l y  and e x t e r n a l l y  
a s  shown ia f i g .  95, The i n t e r n a l  i n s u l a t i o n  is accomplished w i t h  
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c a r e f u l l y  f i t t e d  d i s k s  o f  aluminized mylar s epa ra t ed  w i t h  nylon  n e t .  
The mylar d i s k s  a r e  each  p e r f o r a t e d ,  and p rov i s ion  is made f o r  
evacuat ion  o f  t h e  tube  i n t e r i o r ,  The o u t e r  i n s u l a t i o n  is accomplished 
by c a r e f u l l y  f i t t i n g  l a y e r s  of aluminized nylon and n e t  ovt. 
specimen and around the h o t  end t o  form a series o f  c o n c e n t r i c  en-  
c losu res ,  This  c o n f i g u r a t i o n  provides  f o r  reasonably cons t an t  
temperature  over  each i n s u l a t i o n  l a y e r  and a minimum of  h e a t  t r a n s f e r  
p a r a l l e l  t o  the l aye r s .  
couple  wires through t h e  i n s u l a t i o n  i n c r e a s e s  t h e  complexity of t h e  
i n s u l a t i o n  i n s t a l l a t i o n ,  

t h e  

The n e c e s s i t y  of  feeding  h e a t e r  and thermo- 

Because the hea t  l e a k  i n t o  t h e  i n s u l a t e d  cryogen t ank  is v e r y  
much g r e a t e r  t han  t h e  h e a t  f l u x  through t h e  specimen, b o i l o f f  measure- 
ment is n o t  a p r a c t i c a l  means f o r  determining h e a t  flux. Rather ,  t h e  
h e a t e r  power is measured. Th i s  i s  accomplished by measurement o f  
v o l t a g e  and c u r r e n t ,  w i t h  v o l t a g e  t a p s  loca t ed  n e a r  t h e  h e a t e r  t o  avoid 
l ine  loss errors. Constantan power l eads  through t h e  specimen i n s u l a t i o n  
minimize lead  w i r e  l o s s e s .  Temperatures a r e  measured wi th  copper con- 
s t a n t a n  thermocouples. Liquid level (hydrogen) i s  measured with carbon 
senso r s ,  and p r e s s u r e  measurement i s  by bourdon tube  gage. 

Tes t  item i n s t a l l a t i o n :  The specimens were prepared f o r  t e s t i n g  
by i n s t a l l i n g  k n t e r n a l  r a d i a t i o n  s h i e l d s  to reduce r a d i a t i o n  h e a t  
t r a n s f e r  within the sample. The r a d i a t i o n  s h i e l d s  used f o r  t h i s  purposa 
a r e  made up of  1/4-mil-thick (0.0006 c m )  mylar aluminized on both s i d e s .  
This  m a t e r i a l  was c u t  i n t o  d i s k s  of a d iameter  t h a t  c r e a t e s  a s l i g h t  
c o n t a c t  between t h e  w a l l  o f  t h e  sample and the d i sks .  The r a d i a t i o n  
s h i e l d  d i s k s  were sepa ra t ed  by d i s k s  of nylon n e t t i n g  t o  minimize s o l i d  
hea t  conduct ion through t h e  r a d i a t i o n  sh ie ld ing .  The d i s k s  were s tacked  
i n s i d e  t h e  sample us ing  two nylon n e t  d i s k s  t o  s e p a r a t e  each r a d i a t i o n  
s h i e l d  from i ts  ad jacen t  s h i e l d s .  Care was t aken  t o  minimize the com- 
pac t ion  o f  t h e  s h i e l d i n g  t o  f u r t h e r  reduce s o l i d  conduct ion hea t  t r a n s -  
f e r ,  Th i s  method of  assembly r e s u l t s  i n  a d e n s i t y  o f  approximately 35 
r a d i a t i o n  s h i e l d s  per  in. (13,8 /cm). 

Aluminum r i n g s ,  machined t o  provide an  i n t e r f e r e n c e  f i t  were 
pressed i n t o  each  end of t h e  sample. Aluminum end p l a t e s  were then  
bonded t o  t h e  sample wi th  a thermal ly  conduct ive epoxy adhes ive ,  The 
end p l a t e s  were counter  bored s o  each  end of t h e  sample was i n  c o n t a c t  
w i t h  aluminum f o r  0.125 i n .  (0.318 cm) a long  i ts  l eng th  ( i . ee ,  t h e  
width of t h e  i n t e r n a l  r i n g  and the dep th  of  t h e  counter  bore) .  
t y p i c a l  specimen is shown before  and a f t e r  assembly i n  f i g ,  96. 

A 

Approximately 35 l a y e r s  of  mul t i l aye r  i n s u l a t i o n ,  of  the type  
used i n s i d e  t h e  tubes ,  was used t o  i n s u l a t e  the specimen e x t e r n a l l y .  
This  was accomplished by us ing  ove r s i ze  s h e e t s  of aluminized mylar 
and n e t t i n g ,  each  wi th  a ho le  c u t  i n  its center t o  c l o s e l y  f i t  t h e  
o u t s i d e  d iameter  of  t h e  specimen. A l l  of t h e  mylar f o i l s  and space r s  
were assembled i n t o  t h e  specimen, u s ing  a s h o r t  r a d i a l  s l i t  from t h e  
hole  t o  permit  i n s t a l l a t i o n .  Each l a y e r  o f  i n s u l a t i o n  was t h e n  ca re -  
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f u l l y  folded around t h e  h e a t e r  end of  t h e  specimen, trimmed, and c losed  
w i t h  mylar adhesive t a p e  s o  a s  t o  make a bag l i k e  enc losu re .  
t aken  t o  interweave t h e  power and thermocouple lead wires through t h e  
i n s u l a t i o n  l a y e r s  s o  a s  t o  minimize overlapping gaps through t h e  in -  
s u l a  t i o n  enc losu re  * 

Care was 

Tes t  method: After the tes t  chamber was evacuated and t h e  hea t  
s i n k  vessel was f i l l e d  w i t h  l i q u i d  hydrogen, t h e  assembly was allowed 
t o  c o o l  f o r  24-hr.  A t  t h i s  time, temperatures  were recorded and h e a t e r  
power was ad jus t ed  t o  b r ing  an  inc rease  i n  temperature  d i f f e r e n c e  along 
t h e  specimen o f  15'R (8'K). 
3 t o  6 hr t o  a s su re  s t a b i l i z a t i o n .  Power was then  increased  t o  b r i n g  
t h e  temperature  d i f f e r e n c e  a long  t h e  specimen t o  30°R (17OK). 
temperatures  were s t a b i l i z e d  and recorded,  t h e  hea t  s i n k  vessel was 
emptied of l i q u i d  hydrogen. 

Temperatures and power were monitored f o r  

A f t e r  

A s  t h e  co ld  end of  t h e  specimen s lowly  warmed, t h e  h e a t e r  power 
was ad jus t ed  t o  maintain the temperature d i f f e r e n c e  a t  the l a s t  
s t a b i l i z a t i o n  va lue .  
and power being recorded eve ry  30 minutes.  
a s  requi red  every 15 minutes.  When t h e  specimen warm end temperature  
was nea r  l o c a l  ambient,  t h e  tes t  was concluded. The specimens t e s t e d  
a r e  descr ibed  i n  t a b l e  39, 

The warming requi red  36 t o  48 hr w i t h  temperatures  
Power adjustments  were made 

Table  39. - Thermal Conduct iv i ty  Tes t  Resu l t s  

Specimen diameter  

in.  

O.Sa 

b 
2.0 

5 .  oc 

c m  

1.27 

5 .08  

12.7 

Me a n t e mpe r a t u  re 

R 
0 

100 

3 00 

5 00 

100 

3 00 

5 00 

100 

300 

5 00 

K 0 

56 

167 

278 

56 

167 

278 

56 

167 

2 78 

4easured thermal 
conduct 

Btu/hroRf t 

0.46 

1.51 

2.11 

0.41 

1.25 

1.71 

0.45 

0.73 

0.93 

. i t y  

W/m°K 

0.005 

0.018 

0.025 

0.005 

0.015 

0.020 

0.005 

0.009 

0.011 

P red ic t ed  thermal  
conduct ii 

B t u  /h r  'Rf t 

1.78 

1,oo 

0.96 

t Y  
W/m°K 

0.021 

I 

0.012 

0.011 

a. Sample taken  from CFL6300605, S/N 4 and included a 0,007 i n .  (0.018 c m )  
t h i c k  Incone l  718 liner and t h r e e  l a y e r s  of  overwrap (HLH.). 

b. Sample taken  from CFL6300611 S/N 83 and included a 0.003 in .  (0.008 c m )  
t h i c k  Xnconel 718 l i n e r  and t h r e e  l a y e r s  of overwrap (HLJ3). 

Sample t aken  from CFL6300614, S/N 120 and included a 0.003 in .  (0.008 cm: 
t h i c k  Incone l  718 l iner  and f o u r  l aye r s  o f  overwrap (HLM), 

C .  
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General ized da ta  p r e s e n t a t i o n  and tes t  r e s u l t s :  The thermal  
conduc t iv i ty  tes t  r e s u l t s  a r e  presented i n  t a b l e  39 w i t h  a t y p i c a l  
curve of  t h e  r e s u l t s  shown i n  f i g ,  97. 

Data r educ t ion  was accomplished by a thermal  a n a l y s i s  program 
which accounts  f o r  a l l  hea t  f lows from t h e  test  hea te r ,  such  a s  hea t  
flow through t h e  m u l t i l a y e r  i n c u l a t i o n  cover ing  t h e  specimen and t h e  
r a d i a t i o n  shields  i n s t a l l e d  within the specimen. From the hea t  in- 
put  da ta  and t h e  above a n a l y s i s ,  t h e  e f f e c t i v e  s o l i d  thermal  con- 
d u c t i v i t y  of the specimen was determined. For  da ta  obtained under  
nonsteady cond i t ions ,  a n  a d d i t i o n a l  c o r r e c t i o n  was made f o r  t h e  r a t e  
o f  hea t  ga in  o r  l o s s  o f  t h e  thermal  mass involved. Because t h e  a c t u a l  
e f f e c t i v e  thermal  mass cannot be d i r e c t l y  determined,  a survey type  
a n a l y s i s  was conducted us ing  a range of thermal  masses based on the 
measured weight and m a t e r i a l  composition. 
t h e  b e s t  curve f i t  through s t e a d y - s t a t e  results was assumed t o  be 
appropr ia te .  The measured va lues  o f  thermal  conduc t iv i ty  a r e  compared 
i n  t a b l e  39 wi th  those  p red ic t ed  from publ ished da ta  f o r  t h e  composite 
tube  c r o s s - s e c t i o n  a t  500°R (278OK). 

The thermal  mass g i v i n g  

Thermal f l u x  t e s t i n g . -  A series of  tests were conducted t o  
eva lua te  t h e  thermal  performance of complete tube  assemblies .  Five 
specimens were tes ted r ep resen t ing  t h e  combinations of tube  diameters  
and l i n e r  and overwrap conf igu ra t ions .  

Tes t  equipment and se tup:  The bas i c  test  f i x t u r e  c o n s i s t i n g  of 
vacuum chamber and c r y o s t a t ,  used i n  t h e  s h o r t  specimen thermal  con- 
d u c t i v i t y  tests was adapted f o r  use i n  t h i s  test series, The spec i -  
mens were of  s u f f i c i e n t  l eng th  t o  p re sen t  a s e r i o u s  problem i n  i n s u l a t i n g  
t h e  tubes  so a s  t o  i s o l a t e  the hea t  f l u x  t r ansmi t t ed  by t h e  tube from 
t h a t  e n t e r i n g  through t h e  s i d e  wa l l .  Therefore ,  a thermal  guard shroud 
was incorpora ted  t o  minimize s i d e w a l l  hea t  f l u x .  This  shroud cons i s t ed  
of a t h i n  seamless steel  c y l i n d e r ,  thermal ly  connected t o  t h e  h e a t  
s i n k  ( c r y o s t a t )  and f i t t e d  w i t h  a h e a t e r  on t h e  oppos i te  end. 

The tes t  specimen was i n s t a l l e d  i n s i d e  t h e  guard shroud and 
i n s u l a t e d  from i t  wi th  opac i f i ed  f i b e r g l a s s  b a t t i n g .  The specimen was 
a l s o  thermal ly  connected t o  t h e  hea t  s i n k  and f i t t e d  w i t h  a h e a t e r ,  
and the e n t i r e  assembly was i n s u l a t e d  o v e r a l l .  By main ta in ing  t h e  hot  
end of t h e  guard shroud a t  t h e  same temperature  a s  the ho t  end o f  t h e  
specimen, a temperature  p r o f i l e  was e s t a b l i s h e d  a long  t h e  s h i e l d  which 
approximated t h a t  a long  t h e  specimens. Thereby, the r a d i a l  hea t  f l u x  
i n t o  the specimen was kept  t o  a v e r y  sma l l  va lue .  The specimen tubes  
were n o t  i n s u l a t e d  i n t e r n a l l y  and were exposed t o  t h e  vacuum envi ron-  
ment. Ins t rumenta t ion  was s i m i l a r  t o  t h a t  used f o r  t h e  s h o r t  tube  t es t s ,  
b u t  a l s o  included thermocouples a t  s e v e r a l  po in t s  a long t h e  guard s h i e l d  
and a long  the specimen wa l l .  Tes t  specimens and appara tus  a t  va r ious  
s t a g e s  o f  assembly a r e  shown i n  f i g u r e s  98 through 103, 
diameter  specimens, two tes ts  were accomplished s imultaneously,  us ing  
p a r a l l e l  i n s t a l l a t i o n s .  
in  f i g .  104. 

For small 

The test conf igu ra t ion  i s  shown schemat i ca l ly  
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T e s t  method: A f t e r  evacuat ing  t h e  specimen and chamber, and 
in t roduc ing  t h e  l i q u i d  cryogen t o  t h e  h e a t  s i n k v e s s e l ,  the tube-  
insu la t ion-shroud assembly was allowed t o  cool u n t i l  t h e  tube  mid- 
po in t  temperature  reached i t s  expected f i n a l  va lue .  
power was then  set a t  the p red ic t ed  va lue  r equ i r ed  t o  main ta in  t h e  hot  
end a t  approximately 530°R (295'K) and t h e  shroud power was set  t o  
b r ing  t h e  tube and shroud warm ends t o  n e a r l y  t h e  same temperature .  
The f i n a l  power s e t t i n g s  were maintained f o r  36 h r .  
t h e  tube  end shroud and power t o  t h e  two h e a t e r s  was recorded a t  t h e  
end of  t h i s  per iod.  Each tube  was t e s t e d  a t  two co ld  end tempera tures ,  
us ing  l i q u i d  n i t r o g e n  and l i q u i d  hydrogen i n  the hea t  s ink ,  Typica l  
p re s su re  i n  t h e  chamber du r ing  tes t  was 2 x mm Hg. Phys ica l  da t a  
of t h e  tubes t e s t e d  a r e  shown i n  t a b l e  40. 

The tube  h e a t e r  

Temperature a long 

TABLE 40. - THERMAL FLUX TEST SPECIMEN DATA 

Zter 

cm 

1.27 

1 . 2 7  

5.08 

5.08 

12.7 

Thicki 
i n .  

0.007 

0.009 

0.006 

0.003 

0.006 

- 
!SS - 

cm 

0.018 

0.023 

0.015 

0.008 

0.015 

L ine r  
Mate r i a  1 

718 Incone l  

304 
S t a i n l e s s  

718 Incone l  

718 Incone l  

718 Incone l  

Emiss iv i ty  

0 .1  

0.15 

0.1 

0 . 1  

0 . 1  

Overwr; 
Thickness  

HLH 

HLH 

HLH 

HLH 

HLHH 
- 

18 46 

11 28 

General ized da ta  p r e s e n t a t i o n  and computer s imula t ion :  In  
ana lyz ing  t h e  thermal  f l u x  t es t  da t a  the computer program des-  
c r ibed  i n  Task I was used t o  s imula t e  each  t e s t .  I n  a d d i t i o n  t o  
t h e  thermal  model, p rov i s ion  in  the program was made f o r  shroud node 
temperatures  and conduct ion pa ths .  The inpu t  da ta  from t h e  tests 
included tube end tempera tures ,  shroud temperature  d i s t r i b u t i o n ,  tube 
and i n s u l a t i o n  phys ica l  dimensions,  and m a t e r i a l  p r o p e r t i e s .  Output 
included temperature  d i s t r i b u t i o n  along t h e  tube  and thermal  f l u x  
through t h e  tube  F igure  105 shows a t y p i c a l  comparison of ca l cu la t ed  
and measured temperature  d i s t r i b u t i o n  along a tube.  The d iscrepancy  
is acceptab ly  smal l .  Table  41 and 42 compare thermal  f l u x  measured 
and p red ic t ed  i n  each  of t h e  10 tests. 

It i s  noted from t a b l e s  41 and 42 t h a t  t o t a l  hea t  f l uxes  a r e  
g e n e r a l l y  g r e a t e r  than  p red ic t ed ,  Two most l i k e l y  sou rces  o f  i nac -  
curacy a r e  undetected r a d i a t i o n  leakage through the  specimen i n s u l a -  
t i o n  and r a d i a t i o n  through the tube  due t o  specu la r ,  r a t h e r  t han  
t o t a l l y  d i f f u s e  r e f l e c t i v i t y  of t h e  i n s i d e  s u r f a c e  of t h e  l i n e r .  To 
a s s e s s  t h e  p o s s i b l e  e f f e c t  o f  t h e  specu la r  r e f l e c t i v i t y ,  t h e  maximum 
p o s s i b l e  a d d i t i o n a l  r a d i e n t  hea t  t r a n s f e r  was c a l c u l a t e d  and i s  
presented i n  column 4 of t a b l e s  41 and 42. This  c a l c u l a t i o n  was based 
on an  assumed i n s i d e  e m i s s i v i t y  of  0.05, w i t h  t o t a l l y  specu la r  
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r e f l e c t i v i t y .  
the  l iner  ma te r i a l s  were found t o  l i e  between 0.05 and 0.20, depending 
on su r face  condition. The f r a c t i o n  of the  a d d i t i o n a l  r ad ien t  t r a n s f e r  
required t o  meet the  d e f i c i t  is given i n  co.llutnn 5 of t h e  t a b l e .  From 
t hese  values,  it appears t h a t  a major p a r t  of the e r r o r  could be a t t r i -  
buted t o  t h i s  a d d i t i o n a l  heat t r a n s f e r  path except f o r  t h e  s e r i a l  no. 
43 specimen. 

Measured values o f  t o t a l  hemispherical  emiss iv i ty  of 

300 
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E o  

0 
m K  
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c.c 
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Fig. 105. - Temperature Di s t r ibu t ion  Along Specimen S/N 7 Found 
During The Liquid Nitrogen Thermal Flux Test A s  
Measured and Calculated. 
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TASK IV - ANALYSIS OF TEST RESULTS 

For t h e  purpose of  c l a r i t y  and c o n t i n u i t y ,  a l l  o f  t h e  t e s t  
r e s u l t s  have been included and discussed i n  t h e  a p p l i c a b l e  s e c t i o n  
of  t h e  f a b r i c a t i o n  and t e s t i n g  t a sks .  
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SUMMARY OF RESULTS 

The purpose o f  t h i s  t es t  program was t o  i n v e s t i g a t e  t h e  
f e a s i b i l i t y  o f  u s i n g  metal  l i n e d  g l a s s - f ibe r  t ub ing  a s  t ank  
p r e s s u r i z a t i o n  and p r o p e l l a n t  outf low l i n e s  on upper-s tage space 
v e h i c l e s  u s ing  cryogenic  p r o p e l l a n t s .  

The concept of t h e  composite tubes was t o  use extremely t h i n  
wal led metal  l iners ,  t o  provide leak-free s e r v i c e  and reduce 
conductive hea t  t r a n s f e r ,  w i th  a n  overwrap o f  g l a s s  f i b e r s  to  
provide s t r u c t u r a l  i n t e g r i t y .  

Resu l t s  obtained du r ing  the cour se  o f  t h e  o v e r a l l  program 
inc lude  t h e  following: 

The most e f f i c i e n t  u se  of t h e  l i n e s  would be t o  l o c a t e  t h e  
composite s e c t i o n  a s  n e a r  t h e  t a n k  a s  p o s s i b l e  and make 
them as  long a s  i s  p r a c t i c a l ;  

The composite tubes a r e  l i gh twe igh t  and could provide a 
s i g n i f i c a n t  weight s av ing  i n  space v e h i c l e s  5 

The composite tubes a r e  s u f f i c i e n t l y  s t r o n g  and r i g i d  
s o  t h a t  no s p e c i a l  handl ing techniques,  o t h e r  t han  
o rd ina ry  c a r e ,  a r e  required$ 

Some wr ink l ing  o r  s l i g h t  buckling of t h e  l i n e r  du r ing  
f a b r i c a t i o n  o r  assembly does no t  degrade t h e  performance 
of t h e  completed composite l i n e .  

Resu l t s  obtained &wring the f a b r i c a t i o n  phase of t h e  program: 

1) Manufacturing methods r equ i r ed  t o  fabl i icate  t h e  t h i n  metal  
lmers and app ly  t n e  g l a s s - f i b e r  overwrap a r e  a v a i l a b l e  
i n  the p resen t  s t a t e - o f - t h e - a r t ;  however, f u r t h e r  develop- 
ment o f  t h e  s o l i d - s t a t e  bonding technique wi th  r e s p e c t  t o  
c l e a n l i n e s s  requirements and s i z e  l i m i t a t i o n s  may be 
warranted8 and 

2) A l l  r e s i s t a n c e  w e l d s  made during f a b r i c a t i o n  of t h e  
l i n e r s  o r  a t t a c h i n g  the end f i t t i n g s  should be helium 
l e a k  checked w i t h  a mass spectrometer  l e a k  d e t e c t o r .  

Resu l t s  obtained from the thermal t e s t i n g  phase o f  t h e  program: 

1) The t h r e e  main mechanisms of h e a t  t r a n s f e r  a long t h e  t u b e s  
i n  t h i s  test  program a r e  s o l i d  conduction, d i f f u s e  r a d i a t i o n ,  
and s p e c u l a r  r a d i a t i o n .  Of t h e s e  on ly  t h e  f i r s t  two a r e  
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included i n  t h e  computer program used i n  this  a n a l y s i s ,  
Calculated input  energy t h e r e f o r e  should f a l l  below 
measured and i n  f a c t  i t  does i n  each  test .  The computer 
c a l c u l a t i o n s  and test  program r e s u l t s  a r e  compatible 
when a maximum va lue  of s p e c u l a r  r a d i a n t  t r a n s f e r  i s  
added t o  t h e  c a l c u l a t i o n s ,  S ince  s p e c u l a r  and d i f f u s e  
r a d i a n t  t r a n s f e r  a r e  p re sen t  t o  t h e  same e x t e n t  r e g a r d l e s s  
o f  w a l l  t h i c k n e s s ,  and r e g a r d l e s s  o f  whether t h e  tube i s  
a composite o r  completely metal ,  t h e  program can show 
t h e  improvement i n  thermal  performance o f  t h e  thin-wal led 
tube over  a s i m i l a r  thick-walled tube4 and 

2)  The composite s t r u c t u r e  i s  c l e a r l y  more e f f i c i e n t  i n  con- 
d u c t t v e  h e a t  t r a n s f e r  which s a t i s f i e s  t h e  program objectives. ,  

Resu l t s  obtained du r ing  t h e  s t r u c t u r a l  t e s t i n g  phase of t h e  
program: 

1) The f u s i o n  w e l d  method used t o  j o i n  t h e  l i n e r  t o  t h e  
end f i t t i n g  on t h e  CFL6300616 and o r i g i n a l  des ign  of t h e  
CFL6300612 proved t o  be u n s a t i s f a c t o r y  due t o  t h e  
d i f f e r e n c e  i n  t h e  th i ckness  of t h e  welded members ; 

2 )  The h igh  incidence of leakage f a i l u r e s  i n  t h e  CFL6300605, 
CFL6300606, and CFL6300607 designs was a t t r i b u t e d  t o  
leakage a t  t h e  r e s i s t a n c e  weld j o i n i n g  t h e  l i n e r  t o  t h e  
end f i t t i n g .  The fact  t h a t  some tubes  o f  each des ign  
were l e a k  f r e e  i n d i c a t e s  t h a t  c l o s e  c o n t r o l  o f  t h e  f a b r i -  
c a t i o n  process  is  r equ i r ed  t o  produce l e a k  f r e e  j o i n t s ;  

3) The a c t u a l  b u r s t  pressure o f  t h e  t e s t  specimen f i n a l  
des igns  was g e n e r a l l y  higher  t han  p red ic t ed .  These 
h ighe r  b u r s t  p r e s s u r e s  were a t t r i b u t e d  t o  f r i c t i o n  
between t h e  l i n e r  and t h e  g l a s s  overwrap which allowed 
t h e  l i n e r  t o  t r a n s f e r  some axial load t o  t h e  g l a s s  
overwrap. This  f r i c t i o n  w a s  not accounted f o r  du r ing  
t h e  des ign  a n a l y s i s ;  and 

4 )  The p red ic t ed  gaps between t h e  l i n e r s  and t h e  g l a s s  
overwrap a t  cryogenic  temperatures were g e n e r a l l y  confirmed. 
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RECOMMENDAT IONS 

As a r e s u l t  of  t h e  knowledge and exper ience  gained from t h i s  
program, Mart in  Marietta Corporat ion makes t h e  fol lowing recom- 
mendations : 

Fur ther  development of  s o l i d - s t a t e  bonding techniques 
as a method of  a t t a c h i n g  end f i t t i n g s  be accomplished. 

Fu r the r  development of r e s i s t a n c e  welding methods t o  
j o i n  end f i t t i n g s  t o  smal l  d iameter ,  t h i n  walled tubes  
be accomplished. 

Develop l i n e r  m a t e r i a l s  t h a t  are not  s u s c e p t i b l e  t o  
hydrogen embri t t lement .  

Develop t h e  f a b r i c a t i o n  techniques requi red  t o  produce 
t h i n  metal l i n e d ,  g l a s s  overwrapped tubes  of l a r g e  d i a -  
meter and/or  long length ,  s ay  15 i n .  (38.1 c m )  d iameter  
and many f e e t  long. 

Develop methods of  reducing losses due t o  specu la r  
r a d i a t i o n .  

Update t h e  e x i s t i n g  f e e d l i n e  chi l ldown computer program 
t o  inc lude  composite tubing. 

Develop a composite system wi th  a low hea t  capac i ty .  

Perform a tes t  program t o  determine t h e  c a p a b i l i t y  of  t h e  
composite tubes  t o  withstand v i b r a t i o n  l e v e l s  encountered 
dur ing  launch and f l i g h t  of  space v e h i c l e s ,  

Use composite tubes  t o  prevent  h e a t  soak back from rocket  
engines  which r e s u l t s  i n  damage t o  engine va lves .  

Use composite tubing f o r  p r e s s u r i z a t i o n  and p r o p e l l a n t  
outf low l i n e s  i n  f u t u r e  des igns  of  propuls ion  systems 
us ing  cryogenic  p r o p e l l a n t s ,  

Extend t h e  use  of composite tub ing  t o  commercial a p p l i c a -  
t i o n s  such as LNG t anke r  t r a n s f e r  l i n e s  and o t h e r  cryogenic  
s t o r a g e  and t r a n s f e r  systems. 
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APPENDIX A 

DATA ACQUISITION EQUIPMENT LIST 

1. Recorders 

A. Sanborn 6 Channel 

Model: 156-100BW 

Chart  Speeds: 0.25, 0.5, 1, 2.5, 5 ,  10, 25, 50, and 
100 mmlsec. 

Frequency Response: DC t o  100 Hz with 3dB down a t  10 
d i v i s i o n s  P-P amplitude.  

Rise  Time:  5 mi l l i s econds  

L i n e a r i t y :  E s s e n t i a l l y  p e r f e c t  over t h e  middle 40 
d i v i s i o n s  of t h e  50 d i v i s i o n  c h a r t .  Maximum e r r o r  
over e n t i r e  50 d i v i s i o n s  i s  less than  0.5 d i v i s i o n .  

S e n s i t i v i t y :  Approximately 0.5 V / c m  of d e f l e c t i o n .  

D r i f t :  Less than  0,5 d i v i s i o n  per hour. 

B. Honeywell 24 Channel, Mult i -point  

Model: E l e c t r o n i k  153 

Chart  Speed: 1 in./min (2.54 cm/min) 

Balance Speed: 4.5 seconds 

P r i n t i n g  Speed: 5.0 seconds 

Reference Junc t ion :  Copper-Constantan 

C ,  Beckman Instruments ,  Inc.  

Scanner : Model 4005 

P re -ampl i f i e r :  Model 4004-1 

D i g i t a l  Voltmeter:  Model 4011RVP 

P r i n t e r :  Model 1453 

2. D i g i t a l  Instruments 

A. Dana D i g i t a l  Voltmeter 

Model: 5740 
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Range: 
Resolution: 

Short Term Accuracy: 
Digitizing Time: 13 ms constant range and polarity, 

Ranges covering 10 millivolt DC to 1000.00 Volt DC 
From 0 , l  micro volts DC to 10 millivolts DC 

2 0.001% of full shale on all ranges. 

B. Honeywell DC Potentiometric 

Model: 852 
Range: LKV, LOOV, 1OV and 1V 

Resolution: 
Short Term Stability: 

0.0001% of full scale on all ranges, 

- + 0.005% per day, non-cumulative. 
C. BeckmanIBerkely Digital System 

Range: 0.000 to 999.9 volts 
Resolution: 0.01% of full scale 

Linearity: 0.01% 

Range Selection: Automatic 
Sensitivity: 1 millivolt without pre-amplifier 

1 microvolt with pre-amplifier 

D. Leeds & Northrup Potentiometer 

3. Signal Amplifiers 

Dana Differential Amplifier 

Model: 2860 (with filtering) 
Linearity: 
Range: 

DC to 2 KHZ - + 0.01% 
1 to 2500 gain + - 0.01% 

4, Leak Detector 

Consolidated Electrodynamics, Helium Mass Spectrometer, Model 
24-120, 
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INSTRUMENTATION LIST 

1. Pressure Transducers 

A. Taber Instruments Corporation - Model 206 

B. Instrumented Pressure Gauge 

American Instrument Go., Inc. 

Model: 13399 

Range: 0 to 30,000 psi (0-20,700 N/cm ) 
2 

2. Strain Gages 

A. Automation Industries 

Model C9-125-UT Rosette 

Model S741-R2T-300 Rosette 

B. Balswin - Lima - Hamilton 
Type C-8 

Type DLB-MK35-4A-Sl3 
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